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THE CONSTITUTION OF HYDROUS OXIDE SOLS FROM X-RAY 
DIFFRACTION STUDIES' 

HARRY B. WEISER and W. O. MILLIGAN 
Department of Chemistry, The Rice Institute, Houston, Texas 

Received June £0, 19S5 

Sols of the hydrophobic type which includes most of the hydrous oxides, 
can be prepared fairly free from electrolytes, but it was demonstrated first 
by Thomas Graham and confirmed repeatedly thereafter, that in the 
absence of protecting colloids some electrolyte must be present in the sols 
to ensure their stability. Thus ferric oxide sol formed by hydrolysis of 
ferric chloride or by peptization of the hydrous oxide by ferric chloride 
always contains traces of chloride however long the dialysis is continued. - 

The presence of chloride in the dialyzed sols led Wyrouboff and Verneuil 
(13) to suggest that the various preparations contain basic salts or chlorides 
of “condensed^^ hydroxides. This idea was further extended and devel- 
oped by several investigators especially by Duclaux (3), Malfitano (7), 
Hantzsch and Desch (4), and Linder and Picton (6). Thus, the constitu- 
tion of the sols was represented by formulas such as: 

[20Fe(OH)3 • FeClaln and [45Fe(OH)3 - FeCls] n 

Pauli (8) considers the colloidal particles to be complex ions resulting 
from ionization of complex electrolytes allied to the Werner compounds. 
Since the constitution of a given sol varies with the conditions of prepara- 
tion he represents it by a general formula. In the case of ferric oxide sol 
this is 

[a:Fe(OH) 3 - 2 /FeOCLFeO]+ (CD) 

in which a: = 32 to 350 and y = 4 to 5.7 in sols formed by hydrolysis. 
It is difficult to justify this formulation, since no one has established the 
existence of Fe(OH)8, and FeOCl is obtained only under special conditions 
in a bomb tube at elevated temperatures. 

Thomas and coworkers (9, 10) suggest that the dispersed phase in 

^ Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20-22, 1936. 

* Sorum sols (J. Am. Chem. Soc. 60, 1264 (1928)) containing no detectable 
chloride either contain a trace of some other electrolyte or are protected by some 
material derived from the dialyzing membrane during the prolonged dialysis. 
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hydrous oxide sols, such as alumina sol formed by peptization of the gel 
with hydrochloric acid, consists of olatcd and possibly oxolated aluminum 
oxychloride complexes of the Werner type resembling the poly-ol basic 
chromic salts formulated by Bjerrum (2). Thomas formulates one such 
hypothetical complex as given in figure 1. The assumption that such 
hypothetical compounds exist in the sol was made to account for the 
observation that the pH value of the sol is raised by the stepwise addition 
of neutral electrolytes, the anion order being: oxalate > acetate > sul- 
fate > halides > nitrate. The increased pH value was attributed to 
replacement of the OH groups by the anion of the added salt, followed by 
the union of the displaced OH radicals with hydrogen to form water. 

Since hydrous oxide sols formed in the presence of chloride, say, always 
contain more or less chloride, Thomas believes that such sols should be 
designated as metallic oxychloride sols rather than as hydrous oxide sols. 
He recognizes that the term ferric oxychloride hydrosol is objectionable, 


6CI 


Fig. 1. Formula of a hypothetical alumina complex (after Thomas) 

since it connotes a definite chemical compound when no such meaning is 
intended. Nevertheless he prefers to regard the hydrous oxide sols as 
oxysalt sols, since the colloidal particles are not pure hydrous oxides. 
To be consistent, one should rename the metallic sols and the salt sols, 
which, like the oxide sols, are not pure insoluble metal or salt. It is difficult 
to see what would be gained by introducing such a change in our termi- 
nology. The ratio of iron to chlorine in a ferric oxide sol has been variously 
reported as 6, 42, 84, 396, 2700, and higher. To designate a sol with a low 
chloride content as an oxychloride sol is like calling precipitated barium 
sulfate a chlorosulfate because it contains some adsorbed barium chloride. 

It is now quite generally recognized that the stability of a positive silver 
halide sol is due to the preferential adsorption of silver ion by unsaturated 
secondary valence forces on the surface of the crystals. The crystals will 
also contain some adsorbed silver nitrate. Similarly a hydrous oxide sol 
formed in the presence of metallic chloride, hydrochloric acid, and their 
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corresponding ions will contain varying amounts of the several components, 
depending on the precise method of formation and the purification of the 
sol. The positive charge on a given sol is due to the preferential adsorp- 
tion of hydrogen and metallic ion on the surface of the hydrous oxide just 
as the positive charge on a silver halide sol is due to preferential adsorption 
of silver ion. It is unnecessary to attribute the charge to the presence of an 
^fionogenic complex attached to the surface” (Pauli) unless the presence 
of such a complex has been rendered highly probable. Thus to assume 
the presence of even a simple salt like FeOCl in a ferric oxide sol goes well 
beyond the established facts. 

In recent years investigations ( 11 ) have been made of the various 
phenomena which take place on adding electrolytes stepwise to sols of the 
hydrous oxides of iron and aluminum. To account for the several phe- 
nomena, including the form of the chloride displacement curves and of 
curves showing the change in pH value, the constitution of the particles 
may be represented by the general formulas: 

[{xF02O,‘yUC\.zH2O)Yet^^B.t] (m + n - q)CA-, qCl- 

Solid phase Inner Diffuse outer layer 

layer 

and, 

[(XAI2O3 . H2O . yliCl . zH20)A]t^^tlt] (m + 71 - g)CD, qCl- 

Solid phase Inner Diffuse outer layer 

layer 

Iver ( 5 ) accepts this formulation of the constitution of c(Ttain oxide sols, 
but suggests that the outer portion of the double layer contains hydroxyl 
ions as well as chloride ions. The displacement of the former on titrating 
with neutral salts would account for the increase in the pH value of the 
mixture. It seems rather questionable, however, whether hydroxyl ions 
will be iiresent in the outer portion of the double layer in sols having a pH 
value of 4 to 5 . The increase in the i)H value on the addition to the sols 
of neutral salts, especially those with multivalent anions, is doubtless due 
to the increase in adsorption of hydrogen ion in the presence of a strongly 
adsorbed anion. This increased adsorption of cations in the presence of 
strongly adsorbed anions is a general phenomenon that has been observed 
with various types of adsorbents such as carbon and fibers as well as with 
the hydrous oxides. With salts such as citrate, oxalate, and acetate, 
buffer action increases the pH value of the sol-electrolyt6 mixture above 
that of the sol alone. 

From the evidence obtained by potentiometric titration of the sols, 
there would appear to be no necessary reason for assuming that the sols are 



4 


HARRY B. WEISER AND W. O. MILLIGAN 


colloidal electrolytes consisting of basic salts or Werner complexes. On 
the contrary the indirect evidence suggests that the solid phase consists 
essentially of the hydrous oxide (or simple hydrate). 

Since x-ray diffraction studies have proven helpful in determining the 
composition of gels, it was believed that similar studies on sols might give 
direct evidence of the constitution of the colloidal particles in the sols. 
The chief complication in the examination of the systems is the relatively 
low concentrations of the solid phase and the scattering of the x-rays by 
the water in the samples. Bohm and Niclassen (1) showed that the gels 
from certain oxide sols were not amorphous; but in most cases it was not 
stated whether the air-dried or moist gel was examined. Since Thomas 
believes that the elements of water in certain oxide sols are combined in the 
form of poly-ol basic Werner salts, it is not permissible to air-dry the 
samples before examination. On the contrary, the sols must be studied 
directly, or the undried gel, obtained preferably by ultrafiltration of the 
sols, must be examined. Preliminary experiments were carried out with 
sols of the hydrous oxides of aluminum, tin, and indium. 
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yA\i:0» HitO Gel (by ultra- 
filtration of sol from A\ 
amal^anrx ) 

yAltO^ HjiO Gel (by ultra- 
filtration of 5ol from ppfd. 
alumina ) 

yAltOj'HiO Powder 
Precipitated at lOO* 


Fia. 2, X-ray diffraction patterns 


ALUMINUM OXIDE SOLS 

Two sols of aluminum oxide were employed. The first was prepared by 
peptization, with hot 0.01 N hydrochloric acid, of the gel formed by the 
action of amalgamated aluminum on water. The method of Thomas (10) 
was used except that the gel was not dried. The second sol was obtained 
by peptization, with hot 0.05 N hydrochloric acid, of the gel thrown down 
from hot aluminum chloride solution with ammonia and washed by decan- 
tation until almost free from chloride. In both cases a large excess of the 
gel remained unpeptized, from which the sol was decanted. After stand- 
ing quietly for several days to allow further traces of unpeptized gel to 
settle, the slightly cloudy sols were examined 

Portions of the sols were ultrafiltered through a cellophane membrane, 
and the resulting moist gels were analyzed by the x-ray diffraction method, 
using a camera of the Seemann-Bohlin type. Copper radiation filtered 
through nickel foil, at 60 milliamperes and 50,000 volts, was employed. 
Under these conditions but five to ten minutes exposure was necessary, 
so that little or no drying of the gel took place. The results of the observa- 
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lions iiiv shown in (lijigrain form in figure^ 2 (1 aiul 2). For the ])ur])os(‘ of 
(•oni])arison th(‘ (liiignun of Y-AUOa- H 2 (> j)ow(l(‘r is inclnded in fignr(‘. 
Il(‘I)rodiu*tions of th(‘ iH'gatives are shown in figure^ S. From th(‘se ol)s(*rva- 


1. 




3. 


I'jti 3 X-rav difTractioii ])att(‘rn.s 

1 '>-Ah(), lIjO ^r(*l (ultiafiltration of sol Iroin aluiiiiiiuin ainal^Miii) 

2 IfjO (ultrafilti ntion of sol fioin ])r ('cipitatiMl alumina) 

3 ')-Ah.(). FtX) po\\(l(‘r (j)u*(‘ipitat(*(l at KM) ('.) 


SrvO^ Sol 
IThixotropic") 


SrvO^ Gel 

C By ul+raf Utratiorv.) 


SnOji. Powder 
( Srv + HNO 3 ^ 


5r\Oi 

( No. 3 igAited ) 


J'lCi 4. X-ray dififraction patterns 

lions, it would a{)]K‘.ir that tho j)articlcs in the alumina sol consist (‘sscu- 
tially of hydrous y-AUOs-HjO. Th<>r(> is no reason to Indicve that they 
ar(' iiiadc' up of simple basic salts or basic salts of tlu' Werner typt-. 

STANNIC OXIDE 

Stauni(! oxidi* sol was jjrejiared by th(> method of Zsigmondj" (14). 
Twenty-five grams of hydrated stannic chloride* was dissolve*d in 20 liters 
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of \vat(M* and allowed to hydrolyze. TIk' resulting gel was washed until 
th(‘ wash-water was fr(‘(' from ehloride. Aftca* suspcaiding in 250 ee. ol 
water, it was }X‘])tized with three' drops of eoneentratc'd ammonia and the 
n'sulting sol was hoik'd to remove exeess ammonia. I'he moist g(‘l 
obtained by ultrafiltration of the elear sol gave the x-ray diffraction 
pattei'ii of anhydrous stannic oxide or cassit(*rit(', as shown diagram- 
matically in figure 4 (2). For the ]Miri>os(‘ of comparison the ])atterns of 
the so-call(*d ‘'0’ '-stannic oxuk' and of anhydrous stannic oxkk* are in- 
cluded in the diagram. 

The sol con(‘(*ntrat(‘d to 100 cc. becanu' thixotropic*. This sol gnve* the* 
])att('rn shown in figure' 4 (1). 

INDIUM OXIDE SOL 

A solution of indium nitrate* was jurcijiitatc'd in the* e*old with ammonia, 
the ])recipitate thoroughly washenl, and pe])tize'd in the* cold with dilute* 
hydroe*hlorie* acid. The gel obtainc'd by ultrafiltration of the sol gave the* 



Fia. 5 . X-ray diffraction pattc'rns for buOa 3H2O gel (from ultrafiltration of sol) 

x-ray diffraction pattc'rn shown in figure* 5. This is the* patte*rn for 
liisOs HHaOor In(OH )3 (12). 

From the above x-ray studie*s, it would appe*ar that the partie*les in 
tyfiical oxide sols e*onsist e‘ssentially ejf aggre'gatt's of minute* e*rystals of 
hydrous oxides or of simple oxide hydrate's. In the* sols e'ontaining 
chloride, the latte*r is not bound in the form of a basic* salt in most e*ase's, but 
is adsorbexl in an amount depe*nding on the size and physical e*harae*ter of 
the particle's. Su(*h sol systems are jiropc'Hy referred to as hydrous oxide* 
sols. 

In the light of the above, if one jirefers to regard the hydrous oxide* sols as 
electrolyt(*s with colloidal ions it must be emphasized that there is a funda- 
mental difference between sols and iioii-colloidal complex electrolytes sue*h 
as potassium ferroe*yanide, the e*obalt amine's, the compk'x platinic salts, etc*., 
formulated by Werner. There is also a distinct difference be'twee'ii a 
hydrous oxide* sol and sue*h e*olloidal edectrolytes as the soaps and Congo 
red, in that the latt(*r contain ionic mie*elles made up eff groups of ions 
which have* a definite composition and which e*arry one* e*harge for each 
e(|uivalent of the ie^n, where*as tiie micelle's of the former have no de*finite* 
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composition and may carry hundreds or thousands of equivalents for each 
free charge. 


SUMMARY 

X-ray diffraction examination of the moist gels from typical hydrous 
oxide sols indicates that the particles of the solid phase in such sols consist 
essentially of aggregates of minute crystals of hydrous oxides or of simple 
oxide hydrates. In the sols containing chloride, the latter is not bound in 
the form of a basic salt in most cases, but is adsorbed in an amount depend- 
ing on the size and physical character of the particles. 
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ELECTROKINETICS. XVI 
Streaming Potential in Small Capillaries^ 
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The applicability of the conventional equation of streaming potential to 
small capillaries is an important subject. It involves the whole question of 
streaming potential through membranes, and accordingly should be of 
particular interest to the biologist. Smoluchowski (13) showed that 
membranes were subject to the same mathematical treatment he employed 
for single capillaries and, within the limits of the restrictions, the equations 
held for capillaries of any size or shape. His equation for streaming 
potential is 


"W 


( 1 ) 


where f is the electrical potential across the double layer, rj is the coefficient 
of viscosity, K is the specific conductance of the streaming liquid, H is the 
streaming potential, D is the dielectric constant, and P is the pressure forc- 
ing the liquid through the capillaiy. 

A marked decrease in the streaming potential has been demonstrated by 
Bull and Gortner (5) with diaphragms made of fine quartz particles. The 
effect became apparent with particles slightly below 200 m in diameter and 
rapidly became more important, until at 5 ^ the streaming potential was 
only 25 per cent of that for the 200 n particles. The decrease in potential 
with the smaller particles is no doubt due to the smaller capillaries. Their 
data, however, offer no easy way of determining the capillary size. White, 
Urban, and Krick (16) also found a diminishing streaming potential with 
decreasing capillary size. The question arises as to the critical size of a 
capillary below which the simple theory of Smoluchowski is no longer 
adequate. There are several factors to be considered. 

^ Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20-22, 1935. 

Published as Paper No. 1353, Journal Series, Minnesota Agricultural Experi- 
ment Station. 

* National Research Fellow in the Biological Sciences. 
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It was first realized by Stock (14) that surface conductance must be con- 
sidered and that the specific conductance used in equation 1 was that of the 
liquid in the membrane or small capillary. An involved mathematical 
treatment has been given by Cole, Bikerman, Komagata, and others (1). 
As shown by Briggs (3), the difficulty is easily taken care of experimentally 
by determining the cell constant of the membrane with iV/lO potassium 
chloride; then by determining the resistance of the membrane containing 
the various solutions, the specific conductivity of the liquid in the mem- 
brane (Ks) is easily calculated, and this then replaces the K of equation 
1. This, then, presents no serious difficulty for the streaming potential 
technique in small capillaries. 

In the derivation of the streaming potential equation (13), Poisson^s 
equation is integrated for the case of two parallel plates, and the resulting 
equation applies only when the thickness of the double layer is small in 
comparison with the radius of the capillary. We are really dealing, how- 
ever, with two coaxial cylinders whose edges are the thickness of the 
double layer apart The electrical potential between these cylinders is 

where r is the radius of the inside cylinder, D is the dielectric constant, 
Xc is the distance between the cylinders, and is the charge per cm.* 
When r > > Xc, this equation reduces to that for two parallel plates.^ 


^2 = 


4i7<r 


(3) 


The ratio of these two potentials is 


f2 



(4) 


Except where there is overlapping of the double layers, Xp = Xc. Esti- 
mation of the critical radius from values of r/Xp must be done by an approx- 
imation (11). If Ztf < 25 millivolts (where Zi is the valence of an ion of 
the type), 





( 5 ) 


* Throughout this portion of the discussion, a is considered constant. 


* Since In 



r 2r> 3r« 
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where is the mean thickness of the double layer when equation 3 holds, 


and 


« = 4 / (Debye-Hiickel) 
* ^ 4- Zi)c,Zi (or c,z,) 


( 6 ) 

(7) 


N = Avogadro's number, E = the gas constant, c,(c,) = ionic concentra- 
tion in moles per cubic centimeter (1, 9, 11). 

The ratio, fi/f2, may be considered as a measure of the deviation from 
the conventional streaming potential equation. In figure 1 (curve A) this 
ratio is shown plotted against the capillary radius divided by the thickness 
of the double layer. It will be noted that a 10 per cent deviation is en- 
countered at a ratio of pore radius to double layer thickness of about 4. 



Fig. 1. Diminution in f produced by small values of r/\ from equations 4 and 9 


Recently Ijciis (9) investigated the thickness of the double layers between 
two parallel plates by the use of the Gouy theory. He calculated that in 
thin slits an interference of the two double layers exists, causing the centers 
of gravity of the charges in the double layers to be pushed in toward the 
w^alls of the slit. He derived the following equation expressing the relation 
between the thickness of the layer and the half-width of the slit: 


Xc 



( 8 ) 


Calling the half-width of the slit r, we have substituted this value of Xc in 
equation 2 and divided by equation 3, thus obtaining the following 
equation: 




+?- 




1 


(9) 
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Again fi/f 2 is plotted against r/\p as shown in curve B, figure 1.^ The 
values of f i/f 2 represent the deviation from the ideal case of a plane surface 
with no interference. A 10 per cent deviation is encountered in this case 
at r/Xp = 6. While it is perhaps forcing the point to substitute the equa- 
tion of Lens, which was derived for two parallel planes, into that involving 
cylinders, we believe the result serves as a first approximation. Table 1, 
column 2, shows the capillary size which would give rise to a 10 per cent 
deviation in f for various concentrations of a uni-univalent salt (assuming 
Ztf < 25 millivolts (11)). 

Komagata (8) has derived expressions showing the influence of capillary 
size on the streaming potential. By making the Debyc-Hiickel approxi- 
mation (1) (sin h ^ F/RT ^ ^ F/RT), he has integrated the fundamental 
equation of electrokinetics (1), 


rr, 

V\l/ = 

^ dx^ 


Id^ 

X dx 


= /cV 


( 10 ) 


for the case of a cylindrical capillary. He arrives at an expression involv- 
ing Jo and Ji, Bessel functions of the zero-th and first order and of the first 
kind, 


4' = 


JoitKX) 

Jii-iKr) 


( 11 ) 


where ^ is the true f-potential, x is the coordinate (in the cylindrical sys- 
tem) coinciding with the radius, r, and ^ is the potential at any point on x. 
From this, the equation for cr, 


D^KtJiiur) 

4wJo{tKr) 


( 12 ) 


is developed. This reduces to equation 3 for large values of /cr/*- ^ 

Komagata then develops the streaming potential equation after the con- 
ventional method (13) and substitutes these values to attain the following 
equation for streaming potential: 


PD (--^) A 2l^iJi(iKr)] \ 

AtttjKs \ KrJo(tKr) ) 


(13) 


• In plotting, the assumption was made that a — X 

iter 

? lim 


« Since 




iJ\{iKr) 


\/2iri#cr 

^ We are indebted to Dr. Komagata for a personal communication with regard to 
this point. 
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By comparing equation 1 with this, 


I I = /r 

where 

1 = 1 _ 

/ KvJaiiKv) 


(14) 

(15) 


Komagata has calculated limiting values for r, at different concentra- 
tions of electrolyte, at which a deviation of 10 per cent betw^cen ^ and f 


TABLE 1 


Limiting values of radii\ corresponding to concentrations of uni-univalent electrolyte^ 
at which a 10 per cent diminution in f should be observed 


CONCBKTHATION IN MOLES 

PEB LITER 

LIMITINO BADlrS IN fi FROM 
EQUATION 9 (icr =* 6) 

LIMITING RADILS IN ^ FROM 
EQUATION 14 {Kr = 20) 

lO”’ 

5.78 

19 5 

10-® 

1.83 

6 2 

10-6 

0.578 

1.95 

10-^ i 

0 183 

0.62 

10-3 

0.0578 

0.195 



Fig. 2. Equation 15 from the theory of Koma{ 2 ;ata 

should be observed (ref. 8, p. 36). Unfortunately, the decimal point has been 
misplaced in this table, so that these values are ten times what they should 
be. Correct values are listed in table 1, column 3. The critical point for a 
deviation of this magnitude lies at kv = 20. 

The reciprocal of the factor / (equation 15) has been plotted against kv 
in figure 2 (after Komagata). On comparing figure 1 wdth figure 2, it will 
be seen that the factor /, which represents fcyiinder f plane, and the ratios 
of equations 4 and 9 change in an inverse direction as /cr varies. When 
KV is large, ^ 1/^2 in equations 4 and 9 reduces to unity and so does / (in 
equation 14). But at small values of kt, equation 12 does not reduce to 
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equation 2. In the case of the ratios calculated from the cylindrical and 
plate condensers (equations 4 and 9), the factor by which the observed f 
(from equation 1) is multiplied is always < 1; in Komagata's equations, it 
is always > 1. This fundamental difference may reside in the fact that 
in the first treatment a was assumed to be constant with changing r and the 
infiuence of thickness of the double layer predominant. In Komagata^s 
treatment a changes with r. The effect of equations 4 and 9 is to reduce f ; 
Komagata's equation 13 tends to eliminate the observed lowering in stream- 
ing potential with decreasing r. 

In the above connection, Bikerman (2) has derived an expression for the 
current produced by the streaming potential in slits and takes the ionic 
atmosphere into consideration. He finds that the width of the slit plays a 
r61e only when it is comparable in size to the thickness of the double layer. 

Another factor which must be considered in the treatment of small 
capillaries is that of viscosity. Terzaghi (15) gives empirical equations 
expressing the viscosity of water as a function of the width of narrow slits. 
He found that 


to 


ry 6.02 X 10-^2 

^0 ~ 


(16) 


ry , , 2.42 X 10~43 
Ty'o 


(17) 


where tjq is the viscosity of water at 25°C. and v is the viscosity of water in a 
slit of width 2S at the same temperature. Terzaghi worked with mem- 
branes of clay. Figure 3 shows the change of viscosity with the half-width 
of the slit. Equations 16 and 17 are plotted as curve 2 and curve 1 (figure 
3), respectively. It is clear that an appreciable change in viscosity is 
found at a radius of about 9 X lO^® cm., and thereafter it increases very 
rapidly. Deriagin (6), likewise, reports that water exhibits rigidity when 
placed between glass surfaces less than 150 mju apart. The one surfaces 
formed the bottom of a vessel; the other was a convex glass lens which was 
forced to oscillate about a vertical axis. The distance between the two 
was measured by observing Newton's fringes. It was found that the rigid- 
ity vanished above 150 m/x, which is, as he remarks, in the same order 
of magnitude as reported by Terzaghi. The viscosity effect would invali- 
date streaming potential measurements made much below a capillary radius 
of 10”"® cm. In membranes of mixed pore sizes, pores below this value 
would be virtually inoperative in contributing to the streaming potential. 

Electrosmotic effects resulting from the streaming potential must also 
be considered. This so-called back pressure has been discussed by Bull 
(4) and Reichardt (12). There is as yet no unanimity of opinion in this 
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respect. It is possible to regard this problem in another way than has yet 
been done. We can, for example, compare in a very simple and direct 
fashion the maximum electrical work obtained with the total mechanical 
work done on a liquid streaming through a diaphragm. 

The electrical work per unit time = IP/Rt joules per second, where II is 
the streaming potential across the diaphragm in volts, and Rt is the total 
resistance in the system in ohms. The mechanical work per unit time = 
1 X 10“^ VP joules per second, where V is the volume in cubic centimeters 
per second and P is the pressure in dynes per unit area. 



Fig. 3. Changes in tlie viscosity of water produced by small pore diameters 

Dividing the electrical work by the mechanical work, we obtain. 

Electrical work __ IP /, 

Mechanical work VPRt 


Now if we assume that we are dealing with cylindrical capillaries, we 
may substitute from Poiseuille's law the value for F , 


irPrhi 


( 19 ) 


where r is the average radius of the capillaries, ?i is the number of capillaries 
of radius r, and I is the average length of the capillaries. 

Also, we have the electrical resistance, 


Rt 


I 

wK»r^n 


( 20 ) 


Substituting these expressions for V and Rt we have 

Electrical work _ SFPj^Ka ^ jq? 
Mechanical work 


( 21 ) 
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Since both the electrical work and mechanical work are done over the 
same distance and area, we may write 


Electrical pressure _ SHhjK, ^ 
Mechanical pressure 


( 22 ) 


This confirms in a satisfactory manner the previous equation of Bull 
(4), since we obtain 


Pi 

P 


SH^^riKs 


X 10^ 


(23) 


by dividing the electrical “Gegendruck/^ Pi, 

p 

“ Pr2 

by the applied (mechanical) pressure and converting from electrostatic; 
to practical units. 

If we are dealing with a given solution, rj is el constant and, as a first 
approximation, and H/P are constants. The ratio of the ‘^Gegen- 
druck^^ to the mechanical pressure varies as the reciprocal of the radius 
squared. In general, if,, due to the surface conductivity, increases as 
the radius decreases, while H/P decreases with decreasing radius in accord 
with earlier sections of this paper. We hope to investigate equation 22 
experimentally in the near future. 

The following calculations illustrate the use of equation 18. Th(‘ 
diaphragm was of finely powdered quartz about 5 n in diameter. A 
2 X lO”"^ N sodium chloride solution was streamed through the diaphragm. 
The following data were obtained: (1) resistance across diaphragm = 
7.05 X 10”“* ohms; (2) pressure forcing liquid through diaphragm = 10.5 
cm. Hg = 1.40 X 10® dynes cm.-^; (3) e.m.f. across diaphragm = 8.10 X 
10“^ volts; (4) rate of flow of solution through diaphragm = 7.20 X 10 
cc. per second. 

Substituting in equation 18, 

Electrical work (8.10 X 10“2)2 x 10^ 

Mechanical work ” 7.20 X lO”® X 1.40 X 10® X 7.05 X lO^ ^ ^ 

This shows that in this case back-pressure effects could not interfere 
with the flowing of the liquid. Results of this same type were obtained 
from calculations based on measurements made with cellulose diaphragms. 

The peculiar results obtained by Bull and Gortner (5) with diaphragms 
made of heterogeneous-sized quartz particles, where a break in the 
straight-line relationship between the streaming potential and the pressure 
was observed at about 25 cm. of mercury pressure, are still unexplained 



ELECTROKINETICS. XVI 


17 


and are apparently inexplicable on the basis of any of the above calcula- 
tions. This indicates that there are other factors to be considered. These 
broken lines are, however, only obtained with very close packing, so 
that this unknown factor or factors need only be considered with capil- 
laries where such broken lines are observed. 

During the course of these investigations we were disturbed by the lack 
of a suitable method for determining the pore radius; although the method 
of Erbe (7) was tried, it was found not wholly satisfactory for our pur- 
poses. We finally solved our difficulties in the following fashion. 

By substituting equation 20 in Poiseuille\s law (equation 19) and re- 
placing KtRr by C, the cell constant of the diaphragm (3), we have 

r - (24) 

This equation rests on the assumption (as, in general, with all methods 
for determining radii) of cylindrical capillaries; results obtained from it are 

TABLE 2 


Average pore radii of various diaphragms measured in electrolyte solutions at concen- 
trations not affecting rate of flow 


MATERIAL 

SALT 

NORMALITY 

rai>it<r 
IN M 

CH AH ACTBRIWTIC8 

Quartz 

KCl 

10-2 

29.9 

163 particle diameter 

Quartz 

KCl 

10-2 

20 0 

128 M particle diameter 

Quartz. . 

NaC'l 

> 4 X 10-‘ 

1.38 

ca. 5 M particle diameter (mixed) 

Cellulose.. . 

MgClo 

10-^ 

0 98 

Gave normal ^-concentration curve 

Cellulose 

NaCl 

0 to 2 X 10-3 

0 8G 

Cf. figure 4 

Cellulose... 

BaCb 

0 to 2 X 10-3 

0.86 

Cf. figure 4 (same membrane) 


therefore subject to error but serve to characterize any particular mem- 
brane and represent, (\ssentially, the rate of flow through that membrane. 
It is believed that the (*orrect order of magnitude, at least, can be obtained 
by this method. 

We applied equation 24 to the calculation of pore radii in several dia- 
phragms and obtained the results shown in table 2. Comparing table 2 
with table 1, it will be seen that the mean pore radii of the cellulose dia- 
phragms arc above the critical radius for concentrations of 10 N or 
greater. 

Cellulose prepared from Schleicher and Schtill filter paper after the 
method of Briggs (3) was packed into a diaphragm. This was the same 
cellulose preparation as used by Bull and Gortner. As shown in figure 4, 
no variation in rate of flow (i.e., average radius) was noted in any of the 
electrolyte solutions (sodium chloride and barium chloride) used, in the 
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range 0 to 2 X 10“* N. Values for f in sodium chloride solutions are also 
plotted in figure 4 from the data of Bull and Gortner and of Briggs. As 
may be seen, no significant difference between the two sets of data can be 
noted, although each is based on a different cellulose preparation and a 
different membrane. The whole problem of the critical radius for cellulose 
diaphragms will be discussed in a later paper (10). 




Fig. 4. Comparison of f-concentration and radius-concentration curves of a 
cellulose diaphragm and a diaphragm of quartz below the critical pore size. Tri- 
angles, quartz; circles, cellulose. •, barium chloride solutions; O, sodium chloride 
solutions; 9 , data of Bull and Gortner; ®, data of Briggs. The f values for quartz 
are plotted at half-scale. 

It is interesting to note that the pore radius for quartz of 163 p diam- 
eter was 31.8 p (table 2) and for those particles 128 p in diameter the 
average radius was 22.2 p. Bull and Gortner (5) found the critical radius 
for 2 X 10-* N sodium chloride to lie between these two radii. This is 
surprising, as it is much above that predicted by Komagata (0.43 p). 
The explanation possibly lies in the fact that Koraagata’s equations are 
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derived on the assumption that < 25 millivolts, while actually the 
potential in this case is about 82 millivolts. White, Urban, and Krick 
(16) found the critical radius to be about 10 m for 5 X 10“^ N potassium 
chloride streaming through glass capillaries. This high critical radius 
may, no doubt, be traced to the same cause as discussed above, for glass 
likewise has a high f -potential. 

Values for the mean pore radii observed with a diaphragm of small 
quartz particles below the size found critical by Bull and Gortner are 
plotted as a function of the sodium chloride concentration in figure 4. 
Constancy is reached at a concentration of 4 X 10”“* N. Incidentally, 
the rate of flow is independent of time and shows no blocking effects such 
as those noted with cellophane membranes. This constant value persists 
at least up to a concentration of N/10. It probably represents the true 
mean pore radius. In all cases, the rate of flow was a linear function of the 
applied pressure. 

The f-concentration curve for this quartz diaphragm in sodium chloride 
(calculated by equation 1) is also shown in figure 4. It will be noted 
that the usual maximum observed by Briggs (3), Bull and Gortner, and 
others (see especially Abramson, ref. 1, p. 207) at 10“* V, in the case of 
uni-univalent electrolytes, is absent here; the curve progresses steadily 
upward. Values of f were approximately 30 per cent of those observed 
above the critical limit (1, 5). This suggests that membranes which 
exhibit a maximum at the usual concentration (10“^ N) are not in the 
critical range. 


SUMMARY 

Conditions in a membrane have been considered in relation to the 
measurement of the streaming potential and the following subjects are 
discussed : 

1. The equation for the potential between two coaxial cylinders has 
been substituted for the conventional plate condenser equation in the 
case of small pore radii. 

2. Lens’ modification of the thickness of the double layer in thin slits 
has been introduced into this equation, and the critical value of the radius 
has been estimated by this method. 

3. These eejuations have been compared with the critical radius calcu- 
lated from Komagata’s equations. It is found that the two sets of equa- 
tions do not yield concordant results except when the radius is large. 

4. The change in the viscosity of water with capillary size has been 
considered. 

5. The electrical ^‘Gegendruck” has been compared with the mechanical 
pressure, and an equation expressing this relationship has been derived. 

6. A method for obtaining the average pore radius has been developed 



20 


HENRY B. BULL AND LAURENCE S. MOYER 


and tested. The theoretical critical pore radius has been compared 
with those actually found in diaphragms; the two values do not agree in 
the case of quartz and glass. 

7. Anomalies are noted in the ^-concentration and flow-concentration 
curves of quartz diaphragms with pores below the critical point; these 
curves are compared with cellulose, which behaves in a normal manner. 

We wish to take this opportunity to thank Professor R. A. Gortner for 
his encouragement and helpful suggestions throughout the course of these 
investigations. 
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INTRODUCTION 

In a study of the setting of silicic acid gels in this laboratory, Hurd and 
Letteron (1) have noted an interesting relation between the ^^time of set"' of 
the gel mixture and the temperature. They found that the logarithm of 
the time of set could be represented as a linear function of the reciprocal of 
the absolute temperature. By making certain rather simple assumptions 
and treating the process as a chemical reaction, they were able to calculate 
the value of an energy term analogous to the ^'heat of activation.’’ The 
values for several scries of different mixtures of solutions of sodium silicate 
and acetic acid gave the average value 16,940 calories. This was, of 
course, within the range for chemical reactions. 

This result was so interesting that it was decided to run a careful check 
upon the constancy of this value. In the study reported by Hurd and 
Miller (2) using sev(*ral different brands of sodium silicate, with soda- 
silica ratios ranging from 1 : 3.86 to 1:2.00, a close agreement in the values 
for this h(‘at of activation was discovered. With six different series, each 
of five different silicates, variations of not over 2 per cent in this heat of 
activation were found. The average value was found to be 16,640 calorics. 
We considered at that time that a sufficiently exhaustive study had been 
made of the effect of temp(*rature upon time of set of these mixtures involv- 
ing acetic acid. 

The constancy of this quantity for these gels of sodium sili(;ate-acetic 
acid mixtures has suggested an investigation involving other acids. It 
would be very interesting to check the constancy of the same quantity for 
other acids and to compare the values for the different acids. In this way 
an idea could be obtained as to whether this quantity is the same for any 
acid-sodium silicate mixture, or -varies according to the acid employed. 
In this paper will be found the results of a study involving comparisons of 
four possible acids. 

1 Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20 - 22 , 1935 . 
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EXPERIMENTAL 

In any study of the setting of silicic acid gels, the factors of temperature 
and hydrogen-ion concentration play a very important part. The latter 
has been discussed, among others, by Prasad and Hattiangadi (4) and 
Hurd, Raymond, and Miller (3). As the latter have pointed out, the time 
of set is proportional to the concentration of hydrogen ions for concentra- 

TABLE 1 

Time of set of gel mixtures using different acids 


Concentration of NaOH » 0.386 gram-mole per liter. Concentration of SiOa ~ 

0.636 gram-mole per liter 


NO. 

CONCENTRA- 
TION OF ACID IN j 
GRAM-MOLES 
PER LITER 

pH 

TIME OF BBT IN MINUTES AT 

25.1-0. 

88 4-C 

53 0“C. 

Series I. Acetic acid 

1 

0.496 


54.5 

15.0 

4.4 

2 

0.621 


109.5 

31.0 

9.0 

3 

0.844 


194.5 

57.0 

15.8 

4 

1.041 


266.5 

84.0 

23 3 

6 

1.240 


322.0 

97.5 

28.8 


Series II. Tartaric acid 


1 

0.414 

4.62 

75.5 

19.0 

5.5 

2 

0.440 

4.45 

146.0 

42.5 

10.8 

3 

0.466 

4.25 

228.0 

70.5 

19.5 

4 

0.518 

4.01 

415.0 

118.0 

34.5 



Series III. 

Citric acid 



1 

0.500 

5.16 

27.0 

7.4 

2.2 

2 

0.625 

4.57 

90.5 

25.5 

8 0 

3 

0.750 

4.21 

195.5 

56.0 

17.3 

4 

0.875 

3.92 

341.0 

96.5 

31.0 


Series IV. Succinic acid 


1 

0.502 

5 31 

25.0 

7.5 

2.1 

2 

0.564 

5.04 

43.0 

13.0 

3.5 

3 

0.627 

4.87 

65.5 

18.0 

5.6 

4 

0.690 

4.74 

87.5 

24.4 

7.5 


tions of the latter from 10“^ to 10“®. It is possible to duplicate the hydro- 
gen-ion concentration in an acid mixture of solutions of sodium silicate and 
acetic acid, owing to buffering effect of the sodium acetate formed, and 
with sufficiently close agreement merely by mixing measured volumes of 
the solutions of sodium silicate and acetic acid. Such a thing is, of course, 
completely impossible with any strong acid. In that case a more com- 
plicated technique must be employed. 
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The work to be described includes a study of all the weak acids found 
suitable. The acid must be sufficiently weak so that the hydrogen-ion 
control is satisfactory. It must be sufficiently soluble at 25®C. The acids 
found suitable were acetic, tartaric, citric, and succinic. The ionization 
constants are 1.8 X 10“®, 1.1 X 10~®, 8 X 10“'*, and 6.6 X 10“® for the 
first hydrogen at 25°C. Monobasic and polybasic acids are reiiresented. 



Fig. 1. Effect of temperature on time of set of silicic acid gels with different acids 

It is to be regretted that boric acid was not available because of its low 
solubility. 

Mixtures were made as previously described in this series of pai)ers. 
The silicate used was E brand^ with a soda-silica weight ratio of 1:3.19. 

* The authors wish to thank the Philadelphia Quartz Company for its kindness 
in supplying all the silicate used in this and other rescarcli. 
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All distilled water w^as freshly boiled to eliminate carbon dioxide. Stand- 
ard chemically pure reagents were used. 

Mixtures were run at three different temperatures in carefully controlled 
water thermostats. The mixtures of 80 cc. were thermostated in covered 
100-cc. Griffin form Pyrex beakers. The time of set was determined by 
the ‘‘tilted rod” method. Check determinations were always run, agree- 
ment in time to 2 per cent or less being obtained. It should be noted that 
in these containers at the highest temperature, the temperature of the gel 
mixtures remained a fraction of a degree below the temperature of the 

TABLE 2 


Values for the slope of the curves for log time of set against reciprocal absolute 

temperature 


IfIXTURB 

ACID 


Acetic 

Tartaric 

Citno 

Succinic 

1 

3820 

3920 

3720 

3700 

2 

3780 

3890 

3700 

3780 

3 

3790 

3750 

3680 

3780 

4 

3680 

3760 

3700 

3740 

5 

3650 





TABLE 3 


Values for the heat of activation for the setting of silicic acid gels with certain weak acids 


MIXTURK 


ACID 



Acetic 

Tartaric 

Citric 

Succinic 

1 

17500 

17950 

17020 

16950 

2 

17300 

17800 

16950 

17300 

3 

17350 

17170 

16850 

17300 

4 

5 

16850 

16720 

17220 

16950 1 

i 

1 

17230 

Average 

17140 

17530 

16940 

17190 


bath. The gel mixture temperature was recorded. The data are given 
in table 1, the times of set being the average of several determinations. 

These data were plotted, using the logarithm of the time of set as ordi- 
nate with the reciprocal of the absolute temperature as abscissa. The 
curves obtained are apparently linear. Figure 1 shows the type of graph 
obtained. It should be noted that the ordinates have been adjusted to 
permit the four curves to be plotted on the same drawing. In obtaining 
the slopes, of course, each set of curves was plotted separately, obtaining 
steeper lines and better accuracy. 

The slope was determined from the curves obtained. The values of the 
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slopes are given in table 2. By multiplying th(' slope of the curves by 
2.303i2, the heat of activation should be obtained. Those values arc 
included in table 3. 


DISCUSSION 

The data presented here and in the previous work of Hurd and Miller 
show certain characteristics which are worthy of discussion. The calcu- 
lated heats of activation arc essentially constant for a given acid. It must 
be remembered that the best results which we have been able to secure for 
the time of set, after six years of work, show differences up to 2 per cent. 
At higher temperatures evaporation causes an error which we arc unable to 
avoid with our method of determining the time of set. The heat of activa- 
tion is determined from the slope of a curve. To secnire better results 
would require a very long series of determinations, such as were reported 
by Hurd and Miller for acetic acid mixtures. A complete scries of runs 
should be performed at 0°C. We have carried out enough of these for the 
acids discussed in this paper to convince us that our reported results arc 
(‘orrect. 

A comparison of the values for a given acid will shovr an appreciable 
decrease in the lu'at of activation as one goes down the series for each acid. 
This was apparent in the more accurate data on acetic acid reported by 
Hurd and Miller, and is apparent in the data reported here for acetic and 
tartaric acids. A comj)arison of the average results shows an appreciable 
difference in the \'alue for the different acids. 

In the study of tlie reaction of iodine and acetone, catalyzed by various 
acids, Rice and his coworkers (5, 6) and Rice and Urey (7) have reported 
that the heat of activation is decreased somewhat by the addition of a salt 
of the acid catalyst, when a weak acid is used. Our results do not show 
this effect, but do show a somewhat lower heat of activation in the case of 
acetic and tartaric acids as more acid is used. 

They have also reported that their reaction showed a lower temperature 
coefficient for weak acids than for strong acids. The same general effect is 
shown here, tartaric acid having the highest heat of activation and also the 
highest dissociation constant , although the differences are not particularly 
marked. 

A striking difference between the effect of the acid should be noted 
between the reaction studied by Rice and his cow^orkers and the setting of 
the silicic acid gels. In the iodine-acetone reaction, the acid serves as a 
catalyst. In the setting of gels of silicic acid in the acid range, the presence 
of more acid retards the setting of the gel. 

We can give no explanation at present for the similarity and differences 
of these results. 
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SUMMARY 

The effect of temperature upon the time of set of gels of silicic acid, made 
by mixing solutions of sodium silicate with solutions of acetic, tartaric, 
citric, or succinic acids, has been studied. 

The heats of activation are essentially constant. 

The heat of activation is slightly higher for the strongest acid, tartaric 
acid. 
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Bancroft and Calkin (1) have determined previously the true amounts of 
sodium hydroxide and water taken up by cotton. They suggested a corre- 
lation between these data and the x-ray data on ramie of other investiga- 
tors. In another paper (2) it was shown that the caustic soda might be 
taken up in three ways, i.e., by formation of a solid solution, by adsorption, 
or by the formation of a sodium cellulosate which would be adsorbed by the 
cellulose. 

Ill order to clarify this situation, it is important to have the adsorption 
data and x-ray data on the same sample. The present investigation deals 
with the correlation of x-ray data with the previous work. 

From an x-ray point of \iew, ramie is the best material to work with as 
it gives the best diffraction patterns. However it is difficult to purify, so 
that adsorption studies have been made on cotton. For this reason, the 
x-ray data presented here have been obtained on cotton. It is hoped at a 
later time to purify ramie, determine the amounts of caustic soda and water 
taken up, and relate the x-ray data to this. The work on cotton and ramie 
\^dll then present the background for attacking the problem from the or- 
ganic viewpoint, in order to write the formulas. 

Hess and coworkers have been investigating the alkali cellulose problem 
by means of x-rays. They have recently obtained data on the total 
amounts of caustic soda and water taken up by ramie (6) by an indirect 
neutral salt method worked out previously (9, 10). It has been shown (2) 
that this type of indirect method presents difficulties, and the centrifuge 
method is therefore considered more reliable (1). 

Before describing the experimental results, it appears best to acquaint 
the reader with certain experimental evidence arrived at by Susich and 
Wolff (11) and Hess and Trogus (5). The former have investigated the 
changes occurring when ramie is treated with caustic soda, and the subse- 
quent difference after washing out the caustic soda. The latter have dis- 
cussed the different x-ray diagrams resulting when caustic soda (and other 

' Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20 - 22 , 1935 . 


27 



28 


JOHN B. CALKIN 


alkalis) are left in the ramie. The following scheme shows what occurs; 

Caustic pretreated (^*hydrate^0 ramie 
H20/ 

_ . 12.5 per cent NaOH^ _ ^ / N aO H 

Native ramie ► Na-Cell I . . 1 -! Na-Cell II 


-H2O 


+H2O 


H2O 


Na-Cell III 


Hess and Trogus found that when ramie fibers were treated with 16 per 
cent sodium hydroxide and the solution allowed to remain in the fibers a 
new diagram resulted, which they ascribed to the formation of Na-Cell I. 
By desiccating Na-Cell I, they obtained another diagram, that of Na-Cell 
III, which, in the presence of water, reversed to Na-Cell I. With about 21 
per cent caustic soda in the sample they obtained the diagram of Na-Cell 
II, which did not change on dehydration and reversed to Na-Cell I on the 
addition of sufiicient water. In approaching any modification, the transi- 
tion did not occur sharply at a given concentration but gradually, that is to 
say, in the case of the change of native ramie to Na-Cell I, the native dia- 
gram was present in a mixed diagram (native and Na-Ccll I) approximately 
over a 3 per cent range. Susioh and Wolff have found that the washed-out 
product yields still another diagram, the ^^hydrate’^ or ^Wrccrized^^ dia- 
gram, When cellulose with this latter diagram is treated with caustic soda 
it gives the same diagram with the caustic in the sample as native fiber 
treated with caustic soda of the same concentration. When the caustic is 
subsequently washed out and the fiber dried, the diagrams arc the^ same. 


CHANGES IN THE X-RAY PATTERN 

Figure 1, reproduced from another paper (1), gives the amounts of caus- 
tic and water taken up. It was desired to determine whether or not the 
x-ray pattern was changed completely at the point of maximum water. 
In order to determine at what point the x-ray pattern of cotton changed, 
samples of cotton were treated in caustic soda solution for twenty-four 
hours at 25®C. The samples were then washed caustic-free, after 
which they were air-dried. X-ray patterns of the fibers were taken, and it 
was found, as shown by the data in table 1, that the native pattern begins 
to change at about 12.8 per cent and is changed completely between 14.3 
and 14.4 per cent sodium hydroxide. As will be seen by consulting figure 
1, this practically coincides with the place where maximum water is taken 
up and where the horizontal portion of the change-in-titer (Vieweg) curve 
comes. 

When the caustic soda solution is allowed to remain in the fibers and the 
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X-ray diagram obtained, ^ it is found that a new diagram, that of the 
product known as Na-Cell I, is obtained. Using cotton the limit for the 
formation of Na-Cell I is between 13.4 and 14.1 per cent sodium hydroxide, 
as shown in table 2. 

It has been shown previously that the up and down curves with cotton 
are not the same (sec figure 2). For this reason it was believed that the 
change to Na-Cell I, using mercerized cotton, should occur at a lower con- 
centration than with native cotton. This is the case for, as the data in 
table 3 show, the limit with cotton pretreated with 14.4 [)er cent sodium 
hydroxide is between 10.8 and 11.85 per cent. 



Trogus has shown (12) that a greater amount of hydrazine is taken up by 
cellulose fibers in dilution series than in concentration series, and that the 

* Diagrams were obtained in the usual Keesom tubes. A variation from the usual 
procedure was our method of putting the sample in the tube. A sample of cotton 
was centrifuged for a given length of time, then the sample for the Keesom tube 
was pulled out in the usual way. The sample was held by one person and then 
another person tied one end with fine thread which had been previously threaded 
through a tube. The ends held by the fingers were then cut off, and the sample was 
pulled into the tube. The tube was then sealed with wax. Heat was not used be- 
cause of the danger of drying or scorching the sample. The above method for plac- 
ing the sample in the tube worked very well after some practice, and the writer is 
indebted to Dr. Russel for his assistance. 




30 


JOHN B. CALKIN 


change in x-ray pattern occurs at a lower concentration. From these 
results of Trogus, our sorption results with various up (concentration) and 
down (dilution) series shown in figure 2, and our present x-ray results, it is 
evident that a dilution series from, say, 14 to 15 per cent would lower the 
limit given in table 3 still further. 

Trogus also claims the formation of Na-Cell III' at low concentration by 
dilution series from Na-Cell I and by concentration series from pretreated 
(hydrate) cellulose at 2.65 per cent sodium hydroxide. As shown in table 
3, this was not checked with cotton. As Trogus worked with ramie, it was 
decided to use ramie, but Na-Cell III' was not checked, as shown in table 4. 

TABLE 1 


X^ray pattern of native cotton, pretreated for twenty-four hours at 25°C. and washed 


CONCENTRATION OF 
PRETREATMENT 

REHCLTINCJ X-RAY PATTERN 

per cent 


10.3 

Native cellulose 

12 8 

Mostly native, but slight mercerized 

13.32 

Native and mercerized about equal 

14.3 

Mostly mercerized, but slight native 

14.38 

Mercerized 


TABLE 2 


Effect of caustic solution upon native cotton 


CONCENTRATION OF NuOH 

KBSrLTINO X-RAY PATTERN 

per cent 


6.9 

Native cotton 

11.09 

Native cotton 

13.4 

Almost pure Na-Cell I; some native 

14.1 

Na-Cell I 


Trogus does not give the concentration of pretreatment but this should 
not explain the difficulty, as he started with mercerized cellulose. At 
present, the reason for the discrepancy is not clear. 

Cellophane takes up little if any alcohol, and hence should not be appre- 
ciably plasticized in alcoholic caustic solution (2) . On this basis one should 
be able to obtain the effect of sodium hydroxide alone on the x-ray pat- 
tern. Standard cotton was placed in a concentrated solution of alcoholic 
caustic soda at room temperature (ca. 23®C.) for twenty-four hours. The 
change-in-titer amount of caustic taken up was found to be 0.92 mole of 
sodium hydroxide per mole of cellulose at an outside concentration of 2.35 
moles of sodium hydroxide per 1000 grams of ethyl alcohol. The cotton 
was then neutralized in water-free acidulated (hydrochloric acid) alcohol, 
and then washed chloride-free with distilled water. The sample was air- 
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dried, and an x-ray pattern of a bundle of parallel fibers obtained. The 
spacings obtained were those for native cellulose, showing that the taking 
up of caustic soda from alcohol in caustic soda solution does not change the 
diagram. 



Fig. 2. Sodium hydroxide taken up by changc-in-titcr method 


TABLE 3 


Effect of caustic solution upon cotton pretreaied with 14A sodium hydroxide 


CONCBNTKATION OF NaOH 

KB8ULTING X-RAY PATTBUN 

per cent 


2.68 

Mercerized 

5.99 

Mercerized 

8.38 

Mercerized 

10.8 

Mercerized and Na-Cell I 

11 85 

Na-Cell I 


Heuser has considered (7) that because the change-in-titcr method gives 
higher values for the sodium hydroxide taken up the alkali cellulose com- 
pound should be formed at lower concentrations; he has predicted that the 
change in the x-ray pattern should result at a lower concentration in 
aqueous-alcoholic sodium hydroxide solution than in pure water. We 
have already shown that the true sorption values are many per cent higher 
than the change-in-titer values (1), and are nearer those from alcoholic 
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solution given above than the change-in-titer values. Furthermore, as 
shown above, the x-ray pattern of the cellulose does not change when placed 
in alcoholic caustic soda where the amount taken up is in excess of that of 
the compound which Heuser holds exists. 

Hess and Trogus (5) have obtained some very interesting results with 
methanol solutions of sodium hydroxide. They found that when ramie 
fibers are treated with water-free 20 per cent sodium hydroxide-methanol 
solution for one day there is no change in the x-ray pattern. However, if 
the fibers are steeped in this liquor for more than a week, the cellulose inter- 
ferences disappear gradually and the fiber diagram of Na-Cell III or Na- 
Cell II is obtained. While the experimental data are not at hand, we would 
expect some swelling of the fibers in sodium hydroxide-methanol solutions, 
but not as much as in water. Kress and Bialkowsky (8) have shown that 
water is a better swelling agent for cellulose than alcohol, so that the role 
of the solvent appears to be an ‘^opening wedge’^ for the penetration of the 
caustic, although water must be part of the compound Na-Cell 1, as the 

TABLE 4 

Effect of sodium hydroxide solution upon ramie pretreated in 15.4S per cent sodium 

hydroxide 


CONCBNTBATION OF NaOH 

RSBXTI.TING X-RAY PATTERN 

per cent 


0.9 

Mercerized diagram; no Na-(/elI III' 

1.45 

Mercerized diagram; no Na-('ell III' 

2.38 

Mercerized diagram; no Na-Cell III' 

3.0 

Mercerized diagram; no Na-Cell III' 


drying of Na-Cell I causes the formation of Na-Cell III (5). However, it 
certainly appears that the greater the swelling the greater and quicker will 
be the penetration of the caustic into the lattice. In support of this posi- 
tion Hess and Trogus (5) have shown that unstretched ramie when treated 
with about 12.5 per cent caustic soda and then washed gives the caustic 
pretreated (^‘hydrate”) diagram whereas, under unspecified tension, 30 to 
35 per cent solution was necessary to obtain the new interferences. They 
have shown also (4) that ramie fibers under sufficient tension in 45 per cent 
caustic solution for more than a week gave the interferences of native 
cellulose when washed out under tension. 

Hess and Trogus (5) emphasize that water is necessary for the formation 
of Na-Cell I and for rearrangement of Na-Cell II to Na-Cell I. If by 
adding water Na-Cell II changes to Na-Cell I, and the latter to ^ffiydrate^^ 
cellulose, then one wonders what pattern would be obtained if native 
cellulose were treated for, say, two weeks with water-free 20 per cent 
sodium hydroxide-methanol, the caustic neutralized with dry hydrogen 
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chloride, and the sample then washed chloride-free with water. This 
would tell whether or not Na-Cell I is a necessary stage in the formation of 
^ ^hydrate'' cellulose. 

HOW CAUSTIC SODA IS TAKEN UP BY CELLULOSE 

If Ave apply the Phase Rule, using only temperature and concentration as 
independent variables, wc have three explanations for the mechanism, i.e., 
formation of solid solution, adsorption of caustic soda, or the formation of 
sodium cellulosate. The first is ruled out as the diagram does not change 
continuously; the second possibility does not account for the change in 
diagram as the diffractions are not those of sodium hydroxide; the third 
docs take care of the change in diagram. 

Bancroft and Calkin pointed out previously (1) that data should be 
obtained on the taking uj) of caustic soda by precipitated cellulose. This 
would eliminate the possibility of the fibrous or “grown structure^^ being a 


TABLE 5 

Change-in-titer amount of caustic soda taken up hy precipitated cellulose 


MOLALITY OF FINAL SOLUTION 

MILLIGRAMS OF SODIT7M HYDROXIDE TAKEN 

ITP PER GRAM OF CELLULOSE 

0.391) 

25.7 

0 775 

37.3 

1.660 

61.1 

2 600 

78 7 

3 590 

110.9 

5.030 

118 0 

8 470 

121.7 

12 30 

169 0 

6 250 

118.5 

9 690 

161 0 


variable. Some purified cotton was dissolved in cuprammonium solution, 
precipitated by extruding into sulfuric acid, and then given the usual 17.5 
per cent a-ccllulose treatment. Changc-in-titer amount of caustic was 
then determined, the data being given in table 5 and in figure 3. It is 
evident in figure 3 that the curve is smooth up to 8 molal sodium hydroxide, 
beyond which the caustic is probably attacking the cellulose. The curve 
does not necessarily coincide with the jirevious curves, because the cellu- 
lose is modified as one precipitates it. 

The main point to bear in mind is that the fibrous form or “grown struc- 
ture^' of cotton is not a variable so far as the Phase Rule is concerned. 

Eisenschitz (3) has shown that with the introduction of a membrane, 
the concentration and temperature may be varied without violating the 
Phase Rule. This is simply adding another independent variable, so that 

F = C ~ P + 3 
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On this basis Hess (6) has considered that two solid phases (cellulose and 
sodium cellulosate) are present. We prefer to consider that there is only 
one solid phase consisting of sodium cellulosate adsorbed on cellulose. 

Referring to figure 1, it will be seen that NarCell I is formed where two 
moles of sodium hydroxide are taken up per mole of cellulose. The com- 
pound contains water, but progressive dehydrations have not been made, 
so that it is not possible to say whether the maximum water is necessary. 



0 2 M- 6 8 10 12 IM- 16 

Molal ity 

Fig. 3. Sodium hydroxide taken up by regenerated cellulose (change-in-titcr method) 


Scherer has shown (8a) that when cellulose is placed in liquid ammonia and 
sodimn is added hydrogen is given off. An x-ray analysis of this system 
may shed light on the composition of the compound. 

SUMMARY 

1. The x-ray data have been correlated with our previous adsorption 
values for cotton. 

2. It has been shown that cotton treated with sodium hydroxide in 
ethyl alcohol solution does not form mercerized cotton. 

3. Pretreated cotton forms Na-Cell I at a lower concentration than 
native cotton. 




X-RAY SPECTROGRAPHV OF ALKALI CELLULOSES 


35 


4. It has not been possible to obtain Na-Cell III' under our experimental 
conditions. 

5. A sodium cellulosate is formed which is adsorbed by the cellulose. 

6. The use of the x-ray method to supplement adsorption curves is very 
important and could be used very profitably. 

The writer wishes to acknowledge his indebtedness to Professor Ban- 
croft, under whose direction this work was carried out, to the Textile Foun- 
dation for financial assistance, and to Professor Katz for his suggestions 
and the use of his x-ray equipment. 
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Nowadays nearly everyone admits that there is an oxide film on the 
surface of passive iron, but there is still quite a difference of opinion as to 
the composition of the oxide. In England they incline to the belief that 
the film is ferric oxide, Fe 203 . Evans (3) dissolved the iron from a piece of 
passive iron and obtained a residual film of ferric oxide. This proves 
nothing as to the initial composition of the oxide if one admits the pos- 
sibility, suggested by Bennett and Burnham (2) in the Cornell laboratory, 
that the film is an instable oxide, stabilized by adsorption on iron. On 
removal of the iron, the hypothetically-instable, higher oxide would revert 
at once to the stable ferric oxide. 

Hedges (8) heated iron slowly in concentrated nitric acid, and found that 
at first the iron was passive and the solution almost colorless. At about 
66°C. a faint yellow color appeared in the liquid, and at 75°C. a slow evolu- 
tion of small bubbles of gas occurred at the surface of the metal. At 
higher temperatures the iron dissolved suddenly and with explosive vio- 
lence. Powdered ferric oxide was ignited in a silica crucible, cooled in a 
desiccator, and then placed in a test-tube containing 10 cc. of nitric acid 
(sp. gr. 1.42). At the ordinary temperature no coloration was produced in 
the acid and only the faintest yellow was formed when the ferric oxide was 
left for twenty-four hours at 30°C. The rate of solution of ferric oxide 
in nitric acid under these conditions is therefore roughly comparable with 
that of passive iron. 

‘‘When the temperature was raised slowly, as in the experiments on the 
transition of passive iron, the first faint yellow color was produced at 08*^; 
at 75® the solution rapidly became deep yellow, and the thin deposits on the 
sides of the bottom of the tube vanished between 75® and 77®. The heat- 
ing was continued up to 90® without further change other than a geiKTal 
deepening of the yellow color. The total amount of ferric oxide dissolved 
was small. In an experiment carried out in 90 per cent nitric acid, the 
first faint yellow color appeared at 64®, and the solution became de(‘p 
yellow over the range of 72® to 77®. It appears, therefore, that the tempera- 

1 Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20 - 22 , 1935 . 
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ture at which passive iron becomes active in nitric add coinddes with that at 
which the rate of solution of ferric oxide becomes appredable.^^ 

This seems quite impressive, but really proves nothing, because the 
agreement is purely arbitrary and has no theoretical significance. We 
repeated Hedges' experiment, using ferric oxide which had been sintered at 
1000®C. for half an hour. It did not dissolve even in boiling concentrated 
nitric acid. When the oxide was merely dried at 150®C., it dissolved at 
room temperature. Hedges happened to give his oxide just the right heat 
treatment to make the experiment a misleading one. 

Bennett and Burnham (2) showed that iron could be made passive by 
dipping it into a potassium ferrate solution. This proved that the adsorbed 
oxide film could not be a higher oxide than FeOs, but did not exclude the 
possibility of the film being Fe206 or Fe 204 . Actually there were data in 
the literature by Haber (4) and by Haber and Pick (6) which permit the 
fixing of a lower limit. 

They say that ^‘when wrought iron (sheet, polished with emery) and 
file-steel are made anodes (at 29® or 22®, respectively) in a caustic potash 
solution of specific gravity 1,36 (measured at 26®) with a current density of 
several amperes per square decimeter, red streaks are formed during the 
first few moments after the circuit has been closed. After several seconds 
the only anode reaction observed is the evolution of oxygen. This tran- 
sient formation of ferrate can, however, be produced as often as desired, 
merely by reversing the current, making the original anode cathode for a 
moment, and then making it anode again.” 

We found this experiment easy to repeat, using a strip of Armco ingot 
iron and an anode current density of about ten amperes per square deca- 
meter. With this current density red streamers of ferrate solution are at 
first carried away from the anode by the rising bubbles of oxygen. After a 
few seconds the formation of ferrate ceases, the anode having become 
completely passive. If we use a much lower current density, ferrate and 
oxygen continue indefinitely to be formed simultaneously, though in vary- 
ing relative proportions. When the current density is increased, the 
formation of ferrate decreases and finally stops altogether, at least so far 
as visual tests are concerned. 

Since the formation of ferrate occurs at a lower current density than the 
going passive, the oxide film on passive iron in these solutions cannot be a 
lower oxide than FeOs. The situation is, therefore, that Haber and Pick 
(6) have proved that the film producing passivity is not a lower oxide than 
FeOs, while Bennett and Burnham (2) have proved that it is not a higher 
oxide than FeOs. Consequently the oxide film in these solutions has the 
composition FeOs, is an instable oxide, and is stabilized by adsorption on 
iron, just as the free color-base of rosaniline is stabilized by adsorption on 
silk (Bancroft (1)). 
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These experiments prove nothing as to the composition of the oxide film 
in acid solution. As a matter of fact, we rather hoped that the oxide film 
would be FeOs in nitric acid and Fe02 or Fe 204 in hydrogen peroxide, but 
wc had no such luck as that. We were able, however, to identify the 
oxide films obtained in other ways by making electromotive force meas- 
urements. 

Heathcote (7) showed that nitric acid of sp. gr. 1.20 will not make iron 
passive, but will keep passivated iron passive for a considerable time. 
Hence we can passivate iron with any desired passivating agent, dip it into 
nitric acid (sp. gr. 1.20), and then measure the electrical potential against a 
normal calomel electrode. The calomel electrode is always anode to pas- 
sive iron. 

The intrinsic instability of the passive film and the fact that adsorption 
is involved make passive iron potentials difficult to reproduce. The 
observed potential is a function of time, and of the area, previous history, 
and conditions of immersion of the sample. If we make a piece of iron 
passive, measure its potential, make it active again, and repeat, we do not 
always obtain the same potential. When wc try to compare different 
samples of iron and different passivating agents, annoyingly large varia- 
tions in potential occur, but valid comparisons are possible if a large 
number of trials is made. 

We are justified in taking the most noble of a series of potential readings 
as the nearest to the true value for the oxide film. The occurrence of weak 
spots or “active centers’^ in the film tends to lower the potential, as pointed 
out by Haber and Goldschmidt (5), while no conceivable circumstances can 
cause too high a potential. For these measurements we used lengths of 
Baker’s No. 30 iron wire “for analysis” (Fe = 99.8 per cent) sealed into 
glass with 1 cm. projecting, giving an exposed area of about 0.08 cm.^ 
When the potential of such an electrode was being measured, the exposed 
iron surface was immersed completely in the nitric acid (sp. gr. 1.20) in 
order to avoid an air-liquid-iron junction, at which activation is known to 
be rapid. Potentials were measured against a normal calomel electrode, 
using a Leeds and Northrup potentiometer, student type. Table 1 gives 
typical values of the potential of iron made passive by various means. 

Electrode No. 1 was first made passive in nitric acid of specific gravity 
1.42, then transferred to nitric acid of specific gravity 1.20 and its poten- 
tial measured with reference to the normal calomel electrode. The highest 
value obtained was +0,752 volt with the iron electrode as cathode. After 
activation in hydrochloric acid, the electrode was made anode in a potas- 
sium hydroxide solution of specific gravity 1.36 and polarized with a current 
of 10 to 15 milliamperes. After this treatment the potential in nitric acid 
of specific gravity 1.20 was +0.746 volt. The iron wire was reactivated 
and then made passive by dipping for several minutes in a potassium fer- 
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rate solution prepared from iron and potassium nitrate as described by 
Bennett and Burnham (2). The highest potential this time was +0.741 
volt. As a check, the wire was again made passive in concentrated nitric 
acid, after which it gave a potential of +0.741 volt. The difference be- 
tween this and the initial value of +0.752 volt is probably due to changes 
in the surface during the several activations and deactivations. 

These potentials lie so near together that iron, made passive by potas- 
sium ferrate, by anodic polarization in alkali, and by concentrated nitric 

TABLE 1 

Potentials of passive iron in nitric acid (sp. gr. 1.20) 


The normal calomel electrode is always anode 


XLXC- 

TRODE 

PA6SXVATXNO AGIIDNT 

MAXIMUM Ec 

No. 1 

HNOa, sp. gr. 1.42 

volts 

+0.752 


Anodic polarization in KOH, sp. gr. 1.36 

0.746 


K 2 Fe 04 solution 

0.741 


HNOs, sp. gr. 1.42 

0.741 

No. 2 

30 per cent H 2 O 2 (superoxol) 

0.754 


HNOa, sp, gr. 1.42 

0.753 


8 per cent CrOa in water 

0.754 


2 per cent CrOa in water 

0.749 

No. 3 

HNOa, sp. gr. 1.42 

0.740 


KMnO^ solution, N (0.3 N in H 2 SO 4 ) 

0 734 

No, 4 

HNO.a, sp. gr. 1,42 

0.743 


15 cc. HNOa + 0.5 cc. H 2 O 

0 751 


15 cc. HNOa -f- 1.0 cc. H 2 O 

0.752 


15 cc. HNOa + 1.5 cc. H 2 O 

0.753 


15 cc. HNOa + 2.0 cc. H 2 O 

0.753 


15 cc. HNOa + 2.5 cc. H 2 O 

0 7.54 


15 cc. HNOa + 4.0 cc. H 2 O 

0.755 


15 cc. HNOa + 5.0 cc. H 2 O (= sp. gr. 1.3,5) 

0.742 


1 HNOa, sp. gr. 1.42 

^ 0.739 


acid, must be protected by the same oxide. Since this oxide cannot be 
either higher or lower than FeOa, it must be FeOs. 

Electrode No. 2 was made passive successively in 30 per cent hydrogen 
peroxide, in concentrated nitric acid, and in an 8 per cent and a 2 per cent 
solution of chromium trioxide in water. The maximum potential attained 
in each of these cases, measured as before in nitric acid of specific gravity 
1.20, lay between +0.749 volt and +0.754 volt with the iron electrode as 
cathode. This confirms the belief that the passivity produced by all these 
reagents is due to the formation of the same oxide, FeOa. 
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A third electrode was made passive in concentrated nitric acid and then 
in an acidified potassium permanganate solution. Maximum potentials of 
+0.740 volt and +0.734 volt were obtained, which are sufficiently close 
to prove that the passivity produced by acid permanganate is due to the 
formation of FeOa. 

Electrode No. 4 was made passive successively in six concentrations of 
nitric acid lying between specific gravities 1.42 and 1.35. In each case the 
maximum potential lay between +0.742 volt and +0.755 volt, thus prov- 
ing that the same oxide, FeOa, is formed by all nitric acid solutions con- 
centrated enough to produce passivity. 

Bennett and Burnham (2) emphasized the part played by adsorption in 
stabilizing the oxide film. If the higher oxide is really adsorbed on the 
iron, th(^ potential should vary continuously between certain limits. Lest 
this conclusion would seem to be belied by the relatively consistent poten- 
tials given in table 1, we mention again that only the highest, relatively 
stable values of the potentials have been included in the table. Since these 
correspond to a practically complete covering of the surface by a maximum 
thickness of oxide, the data agree fairly well among themselves. Dozens 
of values between +0.4 volt and 0.7 volt were obtained, especially when 
the attempt was made to use strips of iron instead of wures. Although 
these potentials are of no use for comparative purposes, they do indicate 
that adsorption is playing a part. Since a film of FeOa which covers only 
part of the surface tends either to repair itself or to break dowm completely, 
a determination of an adsorption i.so therm is out of the question. 

While Murphy w^as studying the oxidizing and reducing action of hydro- 
gen peroxide, he came across a beautiful instance of the misleading experi- 
ment. As everybody knows, dilute hydrogen peroxide makes passive iron 
active. Murphy found that concentrated hydrogen peroxide makes 
passive iron active. This looked as though concentrated hydrogen perox- 
ide w^as acting as a reducing agent, but it proved not to be true. Hydrogen 
peroxide is decomposed catal 3 rtically at the surface of passive iron. With 
concentrated hydrogen peroxide the amount decomposed per unit time is 
so great that the heat evolved raises the temperature to a point at which 
FeOs breaks down. It is as simple as that, but it had us guessing for a 
while. 

In this paper w'^e have shown that: 

1. The evidence brought forward by Evans and by Hedges to show' that 
the film on passive iron is Fe 208 does not prove anything in regard to this. 

2. The film making iron passive and produced by adsorption from a 
ferrate solution, K20-Fe08, is an oxide no higher than FeOs (Bennett and 
Burnham). 

3. The film making iron passive and produced by anodic polarization of 
iron in a concentrated solution of potassium hydroxide is an oxide no lowTr 
than FeOs (Haber). 
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4. Since the two films are the same, the composition must be FeOs 
(Bancroft and Porter). 

5. Electromotive force measurements in nitric acid of specific gravity 
1.20 prove that the same film of FeOa is formed when iron is made passive 
by adsorption from an alkaline ferrate solution, by anodic polarization in 
alkali, or by treatment with hydrogen peroxide, chromic acid, acid potas- 
sium permanganate, or nitric acid of specific gravities between 1.35 and 
1.42. 

6. The activation of passive iron by concentrated hydrogen peroxide is 
the result of heating and not of reduction. 

REFERENCES 

(1) Bancroft: Applied Colloid Chemistry, p. 147 (1932). 

(2) Bennett and Burnham: Trans. Am. Electrochem. Soc. 29, 217 (1916). 

(3) Evans: J. Chem. Soc. 1927, 1020; 1929, 2651. 

(4) Haber: Z. Elektrochem. 7, 216 (1900). 

(5) Haber and Goldschmidt: Z. Elektrochem. 12, 62 (1906). 

(6) Haber and Pick: Z. Elektrochem. 7, 713 (1901). 

(7) Hbathcotb: J. Soc. Chem. Ind. 26, 899 (1907). 

(8) Hedges: Protective Films on Metals, pp. 102-4 (1932). 



THE PHASE RULE IN COLLOID CHEMISTRYi 
WILDER D. BANCROFT 

Department of Chemistry, Cornell University, Ithaca, New York 
Received June SO, 19S6 

Gibbs pointed out that the phase rule does not apply, in the form in 
which he deduced it, to systems involving surface forces, in other words to 
colloids. On the other hand we make use of the phase rule, consciously or 
unconsciously, every time that we determine an adsorption isotherm. We 
have made use of the theorem consciously when studying the action of 
acids and bases on proteins and on cellulose. What postulates must we 
make in order to justify our applu^ation of the phase rule? 

In the first ])lace we must be dt'aling with reversible equilibrium because 
the phase rule applies only to reversible equilibrium. In the early days of 
colloid chemistry, people were interested chiefly in irreversible reactions 
and metastable states; but that is no longer true. 

When dealing with reversible equilibrium in systems containing colloids, 
it will be profitable to consider separately the adsorbent and the adsorbed 
substance. Since adsorption depends on the shape and stmeture of the 
adsorbing material as well as on its chemical nature, one gram of charcoal 
may contain a hundred, a thousand, ten thousand, or more solid phases. 
That seems like a hopeless situation, but it is not really bad. Two different 
1-g. lots of charcoal will not necessarily behave alike, but each lot will act 
like a single phase so long as the individual grains do not change. When 
we study the adsorption of hydrogen by platinum black, and get an entirely 
different result after evacuating the hydrogen once or twice, we recognize 
that the platinum black has sintered and changed its structure. Conse- 
quently we put the platinum on an asbestos substrate and get approximately 
reproducible results because the platinum does not sinter. We see, there- 
fore, that each separate lot of an adsorbent will act as a single solid phase 
so long as the individual particles are unchanged, but that two si'parate 
lots of the same adsorbent will not necessarily act like the sanu' solid 
phase. With this limitation the phase rule holds for all adsorbents. 

When we come to the substance that is to be adsorbed or peptized, we 
make the explicit assumption that, from the viewpoint of the phase rule, 
an adsorbed film or a peptized substance shall not be considered as a sepa- 

^ Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20 - 22 , 1935 . 
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rate phase even though we know that it is. On this basis, charcoal and a 
gas which is adsorbed by it constitute a two-component, two-phase system. 
At constant temperature there is only one amount of adsorption for each 
pressure and the adsorption isotherm is perfectly definite, so long as the 
solid phase does not change. The adsorption of caustic soda from aqueous 
solution by cellulose comes under the phase i*ule so long as the cellulose does 
not change. 

If we consider a substance peptized by water as not constituting another 
phase from the viewpoint of the phase rule, the liquid with the suspended 
particles becomes a phase of varying composition and can be treated as a 
solution so long as the degree of dispersion remains constant. This enables 
us to account for the mordanting of cotton with tannin or for the dyeing of 
cotton by substantive dyes. 

We bear up bravely over light being considered either as particles or as 
waves, depending on the nature of the experiment. If, however, there are 
any people who do not like to consider a peptized particle or an adsorbed 
film as being simultaneously both a separate phase and not a separate 
phase, it is always possible to avoid this by saying that you have a new 
phase of such a nature that it introduces an extra degree of freedom. 
Everything can be accounted for on that basis without postulating a 
dualistic behavior of an adsorbed film or a peptized substance. That has 
been suggested by a numVier of people, but it has never proved satisfactory 
and is therefore objectionable from a pragmatic point of view. 

When we study the action of aqueous caustic soda on cellulose from the 
phase-rule point of view, we get apparently one set of results, and when we 
study the same system from the x-ray point of view% we get apparently a 
different set of results. The x-ray people say that their method is the best 
and that consequently their results are the only ones worth considering. 
That is foolish, and the two sets of results must somehow' be made to agree. 
There is no question but that the x-ray pattern of cellulose changes irre- 
versibly when treated with a caustic soda solution containing 18 per cent 
or more of caustic soda. This shows on the adsorption isotherm in a change 
of direction and in a new set of values at lower concentrations. There is, 
however, no evidence of two solid phases, although mixed x-ray diagrams 
can be obtained. The discrepancy disappears if we postulate that each 
modification of cellulose adsorbs the other and that an adsorbed substance 
can give an x-ray diagram. The x-ray people have always assumed that a 
mixed diagram necessarily means two solid phases, but there is no experi- 
mental evidence in favor of this contention. The assumption rests on two 
other explicit assumptions, that the adsorption layer is only one molecule 
thick and that a layer one molecule thick cannot give an x-ray pattern. 

If we eliminate the change in the x-ray pattern of cellulose by starting 
with mercerized cotton, w'e find a smooth adsorption curve with no sign of 
two solid phases. On the other hand an x-ray study of cellulose with 
caustic soda in it show'^s clearly the existence of at least two sodium cellulo- 
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sates which are definite chemical compounds. We must remember that 
the phase rule does not show in what form caustic soda is taken up by 
cellulose. It merely shows the number of solid phases present at any mo- 
ment. In the absence of any other evidence we adopt the simplest form 
of statement and say that caustic soda is adsorbed by cellulose. 

The discrepancy between the two methods of study disappears if we 
recognize that the phase-rule method shows the number of solid phases 
and docs not show the form in which the dissolved or peptized substance is 
adsorbed, whereas the x-ray method shows the form in which the adsorbed 
substan(*e is taken up but does not at present give any evidence as to the 
number of solid phases. The two methods are complementary and not 
contradictory. 

From the combination of the two methods we can say absolutely that 
mercerized cotton adsorbs caustic soda as such from dilute solutions, one 
definite sodium cellulosate from stronger solutions, and another definite 
sodium cellulosate from still stronger solutions without there being at any 
time two solid phases present. 

The general results of this paper are as follows: — 

1. The phase rule can be applied in its ordinary form to reversible equi- 
librium in colloidal systems provided we remember that a solid adsorbent 
can be treat(^d as a single solid phase only so long as the number and 
structure of the individual grains remain unchanged, and provided we 
treat an adsorbed substance or film and a peptized substance as not con- 
stituting new phases in the ai)plication of the phase rule, though they do 
constitute new phases in fact. 

2. There are other ways of getting around the difficulty of treating a 
peptized substance as being simultaneously another phase and not another 
phase, but the other methods have not recommended themselves to chem- 
ists and are therefore unsatisfactory pragmatically. 

3. The two modifications of cellulose adsorb {*ach other and do not at 
any time o(*cur as two solid phases. 

4. If one admits that a mixed x-ray diagram does not necessarily connote 
two solid phases, the apparent discrepancies between the phase-rule method 
of study and the x-ray method of study disappear. 

5. The phase-rule method of study shows the number of solid phases, 
but does not show the form in wffiich an adsorbed substance is taken up. 

6. The x-ray method of study shows, or may show , the form in which an 
adsorbed substance is taken up, but it does not necessarily show^ at present 
how many solid phases coexist. 

7. The phase-rule and the x-ray methods of study of the system cellulose, 
caustic soda, and water are complementary and not contradictory. 

8. From a dilute caustic soda solution, mercerized cellulose adsorbs 
caustic soda as such; from a more concentrated solution one sodium cellulo- 
sate is adsorbed; from a still more concentrated solution another sodium 
cellulosate is adsorbed In none of these cases do two solid phases coexist. 
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An article by Wciser and Milligan ( 31 ), entitled ^^X-ray Studies on the 
Hydrous Oxides. I. Alumina,’^ appeared in this Journal in December, 
1932 ; from the x-ray photographs of preparations made in various ways 
the authors arrived at the following conclusions: . there are two 

alumina hydrates: (1) gibbsite, A1203-3H20, both natural and artificial, 
and ( 2 ) diaspore, A1203-H20. Precipitated alumina aged at 100 ® has been 
found by x-ray diffraction methods to be a new form of alumina which 
has been termed 6-AI2O3, with adsorbed water.^^ In reply to this article 
Edwards and Tosterud (8) refer to the existence of an q:-A 1203 H20 which 
differed from diaspore (to which they gave the designation /3-Al203*H20; 
cf, in what follow’s the designation of Haber ( 18 )). Furthermore there 
was described a /t^-AloOa • 3H2O, which differed from gibbsite (hydrargillite, 
or a-Al203-3H20, according to Edwards and Tosterud). 

The object of this communication is to draw attention to some publica- 
tions which, although not mentioned by Weiser and Milligan or by Ed- 
wards and Tosterud, nevertheless bear on the matter. Proof will, more- 
o\'er, be brought to show that the preparation which Weiser and Milligan 
termed ^^a mixture of 5-AI2O3 and gibbsite” has likewise given a distinctive 
x-ray photograph, according to the radiograms by these authors, which 
belongs to a definite trihydrat(‘, namely, bayerite, or 0 -trihydrate, accord- 
ing to Edwards and Tosterud ( 8 ). 

BOHMITE 

Bohm and Niclassen ( 4 ), as well as Fricke and Wever ( 16 ), had already 
shown in 1924 that at higher temperatures (as, for instance, approximately 
100®C.) aluminum hydroxide precipitated from a solution of aluminum 
sulfate with aqueous ammonia gave a hitherto unknown x-ray diagram. 
A year later Bohm published the reproduction of an x-ray photograph 
which showed the lattice of a very pure aluminum hydroxide having the 
composition A1208-H20 from Les Baux. This lattice of very definite form 
was different from those of diaspore, the trihydrate, and the oxide of alu- 
minum, although the film shows the same lines as those which Bohm and 
Fricke had obtained from the preparations precipitated at a higher tem- 
perature. 
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The very pure bauxite mineral of Bohm was shown by a series of careful 
quantitative analyses to have the composition A1208-H20. A preparation 
absolutely identical with this, both anal3d;ically and according to the 
radiogram, was made up by B6hm ( 3 ) from various aluminum hydroxide 
preparations in an autoclave with superheated steam at 200 ®C.; he then 
regarded it as pure bauxite and an “isomer of diaspore.** Later, however, 
it was shown that it is not by any means invariably the case that the 
bauxite mineral found in nature contains this monohydrate as the pre- 
dominating aluminum compound, as it may often contain diaspore, gibbs- 
ite, and others as well. (In this connection compare F. Rinne with 
Fricke and Wever (ref. 16 , p. 322 ) ; see also de Lapparent ( 25 ) and the 
photographs of Weiser and Milligan (ref. 31 , p. 3026 )). Consequently, at 
the suggestion of de Lapparent, this isomer of diaspore discovered by 
Bohm was given the name of “bohmite;” this name has come to be widely 
adopted in European literature. 

In order to avoid confusion, the nomenclature adopted in Europe has 
been made use of in connection with the subdivision of alumina into a-, 
iS-, etc. forms. According to Haber ( 18 ) the aluminum hydroxides which, 
by elimination of water, give the cubic 7-oxide (2, 5 ) stable below 1000®C., 
are termed 7-oxides; to this group belong bohmite, gibbsite, and baycrite, 
which will be described later (Tosterud designates these as a-AbOs • H2O, 
a-Al203*3H20, and /3-A1208-3H20). In contrast diaspore, which, when 
heated, gives hexagonal-rhombohedral a-corundum ( 19 , 28 ) belongs, ac- 
cording to Haber, to the a-series (according to Tosterud, /3-Al203*H20). 

The radiogram for “bohmite’’ given by Bohm is identical with the dia- 
gram of “5-Al203-xH20” published by Weiser and Milligan. According 
to its artificial representation it is, furthermore, identical with the prepara- 
tions made and designated a-Al208«H20 by Tosterud ( 30 ). 

As has since been definitely ascertained by various observers, bohmite 
is the first product of aging aluminum hydroxide gel precipitated from solu- 
tions of aluminum salts with alkali. This is shown with great clearness 
by the work of Fricke and Meyring ( 14 ), who investigated the aging of 
aluminum hydroxide in alkaline media by determinations of solubility, 
pH measurements, and x-ray photographs, as also by the experiments, 
combined with x-ray photographs etc., conducted by Havestadt and 
Fricke ( 20 ) in regard to the dielectric constants of hydrous hydroxide sus- 
pensions depending on the state of aging. Kohlschiitter and his collabo- 
rators ( 24 ) also found in the course of their extensive investigations into 
the aging of fresh gels that the formation of a crystallized trihydrate can 
never overtake the formation of the “jS-gel” (a term used ( 24 , 32 ) for a 
very slightly reactive gel which sometimes shows the x-ray lines of bohmite). 

In all these investigations into the course of the aging of amorphous 
hydroxide, the x-ray diagram of bohmite was always obtained first, even 
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though it did not show (especially at the larger angles of deflection) the 
lines so clearly and sharply as those obtained from well-crystallized bohm- 
ite, which can be obtained from other aluminum hydroxide preparations 
of the Haber 7 -series at 200-350®C. with undersaturated steam in an 
autoclave (3, 15, 22, 29, 30). Bohmite is also formed by slow thermal dis- 
integration of the ( 7 )-trihydrate of aluminum oxide ( 1 , 15). Well-crystal- 
lized bohmite is very stable and does not exhibit any noticeable signs of 
aging. At 405®C. bohmite remains undecomposed under a steam pressure 
of about 500 atmospheres, whereas diasporc under the same conditions 
breaks up into corundum and water (see ref. 15; this paper also includes 
some carefully obtained isobaric decomposition curves of bohmite and 
diaspore). 

The density of a pure bohmite produced in an autoclave has been found 
by Fricke and Severin (15) to be dj?” = 3.014. For a preparation likewise 
produced in an autoclave von Nieuwenburg and Pieters (27) found a figure 
of 3.06. 

Coblentz ( 6 ) deduced from measurements of absorption in the infra-red 
that bauxite (as in the case of diaspore and gibbsite) is a true hydroxide 
(in this connection cf. Fricke and Severin, ref. 15, p. 298). The bauxite 
investigated by him, which had a composition of AbO • OH, did not show 
any w’ater bands. At 3/u, however, a band appeared which, from compari- 
sons with other definite hydroxides, must be ascribed to the OH group. 
The formulation AIOOH is therefore to be preferred here, rather than 
A 1203 -H 20 . (In regard to this, as well as other true hydroxides, cf. Fricke 
and Ackermann, ref. 12, p. 639.) According to Achenbach ( 1 ) bohmite 
is rhombic. 

Weiser and Milligan also find the x-ray interference of bohmite in a 
scries of their preparations. They ascribe these interferences, however, 
to a new oxide, “S-AbOs,’^ which had adsorbed varying quantities of water. 
In proof of this, they state that the preparations having a water content 
of only 0.65 H2O per 1 AI2O3 show the same radiogram as with a water 
content of more than 1 H 2 O per 1 AbOa. This result is, however, not 
surprising; neither does it offer anything new in comparison with the 
findings of other authors, since the preparation with 0.65 H 2 O per 1 AbOs 
must still contain up to 65 per cent of bohmite, and consequently must 
show its x-ray diagram. The diagram interference of the 35 per cent 
7 -AI 2 O 3 need be only slightly visible, or even invisible altogether, as the 
7 -oxide obtained by careful extraction of water from bohmite cither 
reveals only a few, weak and widely-spaced, lines at a small angle of deflec- 
tion, or even appears quite amorphous from a rontgenographic point of 
view (ref. 23, p. 328; also ref. 15, p. 301). The assumption of a ^^ 5 -Al 208 ” 
cannot therefore be deduced from the results of Weiser and Milligan. 
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BAYERITB 

Weiser and Milligan (31) made further preparations according to the 
directions of Hiittig and Kostelitz (21), and from the x-ray photographs 
obtained from these preparations they arrived at the conclusion that, in 
the case of the preparations Ki', Ki'', K2, Ks, and L3, according to Hiittig, 
there was no definite compound, but a mixture of 5-AI2O3 XH2O and gibbs- 
ite. In contrast, Hiittig and his collaborators (21, 23) ascribe these 
preparations to the ^ ^isomers of hydrargillite^' first discovered by Bohm 
(3) and later carefully investigated by Fricke (9, 10, 11), which, in accord- 
ance with a proposal made by Fricke (9), because of the precipitation of 
the substance when alumina is prepared by K. J. Bayer\s process, is now 
termed bayerite in European literature. This bayerite (Al203‘3H20), to 
the properties of which we shall refer later, also belongs to the 7-series of 
Haber, since it produces cubic 7-oxide on complete extraction of water. 
It is metastable at room temperature in contrast to gibbsite (hydrargillite) 
(9, 10, 11, 17), but stable in comparison with bohmite (3, 20, 24). It is 
probably identical with the substance designated as i3-Al208-3H20 by 
Edwards and Tosterud. 

It is quite evident from the photographs of Weiser and Milligan that 
their preparations, made “according to Hiittig,^' cannot be mixtures of 
bohmite and gibbsite; this may also be seen from a comparison of the posi- 
tions of the lines of the alleged “6-Al203*xH20’^ (bdhmite) and of gibbsite 
with the positions of the lines of the preparations according to Hiittig. 
To illustrate this fact table 1 has been compiled from data given by Weiser 
and Milligan (31). 

Some of the special features which show that the preparations made ac- 
cording to Htittig’s method cannot be mixtures of bohmite (“S-AhOa- 
xH 2O’0 gibbsite, are the following: (1) The strongest bohmite line 
(D = 1.85, I = 10) is exactly the one missing in the case of preparation 
Ks, and therefore weaker lines could not be expected to appear. (2) The 
strongest gibbsite line (D = 4.85 , 1 = 10) is likewise missing in K3. (3) 

Two of the three strongest lines of K3 (Z> = 4.79, / = 10 and D = 2.22, 
I = 10) are not found in either bohmite or gibbsite. 

The intervals between the lines just mentioned and adjacent lines in the 
different photographs arc so great (at least 0.04 A. U.) that the findings 
given under sections (1) to (3) cannot be due to experimental errors. An 
arbitrary parallel displacement of the original film also does not permit of 
any position being found which would justify the interpretation of the 
preparations “according to Hiittig^^ as mixtures of bohmite and gibbsite. 
The preparations of Weiser and Milligan (31) are therefore, from a ront- 
genographic point of view, also bayerite, or the jS-trihydrate of Edwards 
and Tosterud (8), which they have already indicated. The decomposition 
curves of Hiittig and Kostelitz (21) show, nevertheless, that their prepara- 
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tions consisted for the greater part of the *' 7 -ger’ identified by Kohlschiit- 
ter and his collaborators (24) as mixtures of and bayerite. (“/iJ-ger^ 

and are used in the meaning given by Willstatter, Kraut, and col- 

TABLE 1 

Comparison of positions of lines 


D = dhki/n in A.U.,* I = relative intensity 


J-AIjOi • XH 2 O 

PHOTO 1)11 (b6hmite^ 

OIBRRITE MINERAL 

PREPARATION ACCORDING TO 
Ht)TTIO, PHOTO Kj (BAYEBITB) 

D 


D 

/ 

D 

/ 



4 85 

10 

4 79 

10 



4 34 

9 

4 34 

10 

1 


3 31 

1 

3 19 

4 

3 16 

5 

3 12 

1 





2 45 

7 

2 47 

2 



2 38 

7 

2 37 

3 


1 

2 66 

1 



2 33 

7 



2 26 

1 





2 22 

10 



2 17 

3 





2 04 

3 





1.990 

2 

2 00 

2 



1 907 

2 

1 89 

1 

1 85 

10 

1 798 

3 

1 77 

1 



1 741 

4 

1 72 

7 



1 681 

1 642 

5 

0 1 

1 65 

1 



1 580 

1 

1 60 

1 





1 55 

2 

1 43 

8 

1 448 

4 

1 44 

3 



1 404 

6 

1 39 

3 



1 352 

2 

1 


1 32 

5 

1 312 

1 

1 33 

4 





1 21 

2 

1 13 

1 

1 





laborators (32).) Most of the j^-gels exhibit, however, either no inter- 
ferences, or else very weak and diffuse bohmite interferences. 

With regard to bayerite, reference may be made to the following litera- 
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ture. Bohm (3) discovered a trihydrate of AhOs which exhibited a very 
beautiful and characteristic radiogram totally different from that of 
gibbsite. A reproduction of the picture obtained with iron radiation of 
this crystal, known generally now as bayerite, may be found in Bbhm's 
article. The angles for a pure bayerite for copper radiation are given by 
Fricke (10). 

Bayerite is produced from bdhmite gel and fresh bohmite) by 

aging, production being slow under cold water (3, 20, 24), but rapid under 
dilute alkali (10, 14). In an intermediate stage of the aging, according to 
Kohlschiitter and collaborators (24), ‘^somatoids^^ form from minute 
needles of bayerite, which are either wholly or partly surrounded by 
/?-gel (bohmite gel). (Microphotographs of these somatoids may be seen 
in the paper of Kohlschiitter and collaborators (24). Willstiitter, Kraut, 
and Erbacher (32) term these somatoids *‘ 7 -gels.” Under certain condi- 
tions these 7 -gels'^ can have such a composition that various authors 
were thereby led to believe that they had found a dihydrate of AhOa.) 

Long and extensive shaking with not too dilute alkali, best at a rather 
high temperature (50-60°C.), causes bayerite to change into gibbsite 
(hydrargillite) (9). The scries order of stability is therefore bohmite > 
bayerite > gibbsite. 

According to the procedure followed, various forms of aluminum hydrox- 
ide can be obtained from an alkali-aluminate solution. The rapid intro- 
duction of carbon dioxide into a dilute aluminate solution gives rontgeno- 
graphically amorphous aluminum hydroxide (ref. 20, p. 379; ref. 9). On 
the contrary, if carbon dioxide be allowed to pass in slowly at ordinary 
temperatures, so that some days are required for complete precipitation, 
one obtains bayerite. The aluminate solution may also be more concen- 
trated, for example, with a specific gravity of 1.15 (17). If the carbon 
dioxide be allowed to act very slowly at ordinary temperature, as, for 
instance, by allowing the container to stand exposed to the air, then gibbs- 
ite is obtained (9). Gibbsite of larger crystalline structure may be 
obtained more rapidly by allowing carbon dioxide to pass slowly over a 
solution of aluminate heated to 96-100®C. (1). 

The same holds good for the spontaneous (hydrolytic) precipitation of 
the alumina hydrate from a solution of aluminate, which also takes place 
when air is excluded. Provided the temperature is the same, a slow 
precipitation is then favorable for the formation of gibbsite, and rapid 
precipitation for bayerite (9). More accurate details for the production 
of the two alumina hydrates in this manner, which is important from a 
technical point of view, may be found in other articles (11, 13, 17). 

Apart from x-ray photographs which, in the case of good and well-crys- 
tallized preparations, reveal sharp lines up to the highest angles of deflec- 
tion, the bayerite preparations of Fricke and his collaborators were also 
investigated, in part for physical uniformity, experiments being made to 
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discover whether the solubility in alkali remained constant with the 
quantity of excess undissolved solid, where the quantity of alkali was kept 
the same. If it were a case of a mixture of constituents of different solubili- 
ties, the solubility should increase. The results, however, showed a good 
degree of constancy in a number of cases (ref. 13 and unpublished work). 

In the case of these tests care must be taken to see that the alkali used 
is not too concentrated, so that the sediment does not change into alumi- 
nate (see the solution equilibria in the article by Fricke and Jucaitis (13)). 

Fricke and Wullhorst determined the heat of solution of bayerite and 
gibbsite in 12 per cent hydrofluoric acid. They found 37.84 and 36.59 kg- 
cal. per mole, respectively, that is, for bayerite an excess of heat content 
amounting to 1.2 kg-cal., which is quite in accord with the order of stability 
ascertained by conversion experiments. 

Fricke and Severin (15) examined the isobaric. thermal decomposition 
of bayerite, together with that of gibbsite, for vapor pressures of 100 mm. 
of mercury. In contrast to other earlier work, it was found in these 
experiments that the reaction spaces amounted in all to only 0.3 to 0.8 c(‘., 
of which two-thirds to four-fifths was filled with the hydroxide in a ver}^ 
fine powder. The time for pressure attainment amounted, nevertheless, to 
as much as sixty days. In this careful method a decomposition tempera- 
ture of 120°C. was found for bayerite, and for gibbsite 165°C., both for 
equilibrium with bohmite (badly crystallized) produced by the decomposi- 
tion. From Nernst's approximate equation it is possible to calculate from 
these results the heat of formation of bayerite from bohmite and 2 H 2 O 
(vapor) as 32.4 kg-cal., and for the corresponding heat of formation of 
gibbsite, 36.3 kg-cal. The figures are again in conformity with the order 
of stability, but are not capable of rigorous comparison on account of the 
certainly different energy content of the bohmite formed at the two vapor 
pressure equilibria as the second phase (12). 

In the article by Fricke and SeA^erin (15) there is also to be found an 
exhaustiA^e discussion of the results of the thermal decomposition experi- 
ments of Huttig and von Wittgenstein (23), of Hiittig and Kostelitz (21), 
and of other authors. 

Finally, it should be pointed out that by investigations of structure 
conducted by Megaw (26) and Deflandre (7), gibbsite, bayerite, and dia- 
spore are shown to be true hydroxides, in AA^hich the water is presemt not as 
such, but in the form of OH ions. (Note, also, what has been said pre- 
viously in regard to absorption measurements in the infra-red.) 


SUMMARY 

Four definite crystallized forms of aluminum hydroxide are known. 


namely: 


diaspore 



which, by extraction of the water, gives 
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hexagonal-rhombohedral a-corundums, and three other forms, which, when 
water is extracted, give cubic 7-AI2O8. These are, in order of increasing 


stability, bohmite 



, bayerite (AI(OH) 8 ), and gibbsite (Al(OH) 8 ). 
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In a recent paper (1) a mathematical basis has been presented for the 
calculation of diffusion coefficients from measurements of the rate of 
penetration of any constant concentration of a diffusing; substance into a 
diffusion medium. The method requires simultaneous measurements of 
the distance of penetration and the time, and a constant concentration of 
diffusing substance at zero distance. 

The purpose of the present i)apcr is to report the results of measure- 
ments of the diffusion of cupric chloride into gels. The photometric 
method which was used permits making the measurements without dis- 
turbing the diffusion process in any way. 

APPARATUS 

The diffusion apparatus (figure 1) consisted essentially of a light source, 
a collimating device made up of a series of slits, a cell used as a container 
for the diffusion system, and a photoelectric cell which was connected to a 
suitable indicating device. 

For a light source of constant intensity a 500-watt projection lamj) was 
operated from a 100-volt storage battery. The bulb was surrounded by a 
cooling coil to prevent excessive heating, and a red gelatin light filter was 
placed between the light source and the first slit. The slit nearest the 
photoelectric cell consisted of two parallel plates 2.2 x 5 cm. The width 
of the slit system was adjusted to approximately 0.015 cm. 

The diffusion cell was formed by clamping rectangular pieces of plate 
glass (7.5 X 25 cm.) on either side of a glass rod which had been bent into a 
U-shape and covered with rubber tubing. The cell was fitted into an 
upright stand so arranged that it could be moved up or dowm at will by 
means of a screw adjustment. Readings of the height of the cell were 
taken to 0.01 cm. by means of a cathetometer. 

The photoelectric cell was connected to a vacuum tube amplifier 
(figure 2). By means of the potentiometer and variable resistance shown 
in the diagram, it was possible to adjust the plate current of the vacuum 
tube to any suitable value for normal light intensity on the photoelectric 
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cell. Any change in light intensity was then indicated by a corresponding 
change in the plate current. The plate current was measured in arbitrary 
units by a millivoltmeter which gave full scale deflection with a current of 
approximately 20 microamperes. 





Fig. 1. Diagram of the diffusion apparatus 


Galvanometer 



Except for narrow slits to permit passage of the light beam, both the 
light source and the photoelectric cell were enclosed in light-tight metal 
housings. The experimental work was carried out in a darkened room 
at 25±2’’C. 
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EXPERIMENTAL METHOD 

The sodium silicate (sp. gr. 1.160) which was used in making the gels 
was 1.59 N, as determined by titration with standard acid using methyl 
orange as indicator. The gels were made by addition of the sodium silicate 
solution to an equal volume of 4.752 N hydrochloric acid. The formation 
of clear gels required vigorous stirring of the mixture as the silicate was 
added. When more dilute gels were desired, water was added to the acid 
before the addition of the sodium silicate. 

After the diffusion cell had been placed in the apparatus and a zero 
reading had been taken corresponding to the position of the cell when the 
light beam was coincident with the surface of the gel, the diffusing solution 
was poured on top of the gel. The concentration of the diffusing solution 
was kept constant throughout the measurement by continuous addition 
of fresh solution as the less dense solution was drawn off at the top by 
suction. In making the measurements, the cell was moved upward until 
further motion resulted in no further increase in the plate current of the 
amplifier. From this position the cell was moved slowly downward until 
the light beam passed through a portion of the gel containing cupric ions 
in the amount necessary to cause a 1 per cent decrease in the plate current. 
When this point was reached, a reading of the height of the cell was again 
taken. The distance (Xa) which that particular concentration (m' = 
6.65 X 10“® moles per liter) had moved downward at that time (t) was 
determined by the difference between this reading and the zero reading. 

The most satisfactory results were obtained from one to twenty-four 
hours after the beginning of the diffusion process. During most of the 
first hour, the diffusion was too rapid for accurate measurement, and after 
a day or more there was evidence in some cases of a slight cracking (2) of 
the gel structure. 

The value of the diffusion potential was estimated by measuring the 
potential difference between a saturated calomel electrode placed in the 
diffusing solution and a silver-silver chloride electrode placed in the gel. 
The difference between the voltage obtained using a saturated potassium 
chloride bridge and that obtained when the diffusing solution and the gel 
were in direct contact was taken as the diffusion potential. These values 
are small, as would be expected for systems of uniformly high electrical 
conductivity throughout. 

CALCULATIONS AND RESULTS 

Table 1 gives a summary of the v alues obtained from the diffusion meas- 
urements. The values of X^/l were determined from the slope of the 
straight line obtained by plotting the values of against the values of i. 
In general the results of duplicate experiments agreed to within 0.1 per 
cent. 
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The values of the diffusion coeflScient of the cupric ion were calculated 
by means of the equation 



2UE^ J 

Xl/t) In Wo — In w' 


( 1 ) 


In this equation w# is the concentration of diffusing substance at zero 
distance, w' is some constant concentration much lower than Wo, and Xa 
is the distance of the concentration w' from the surface of the gel at time L 
U is the mobility of the diffusing ion and is given the sign of the charge 
on the ion. E is the potential of the solution referred to that of the gel. 
U for the cupric ion was given a value of 4 X 10“^ cm. per second, which is 
approximately 0.7 of the value at infinite dilution. While this is an 


TABLE 1 


The diffusion coefficient and apparent radius of the cupric ion in silica gels 



1 DIFFUSING SOLUTION 





SiOs PBR LITER 
OF GEL 



xl/t X 10« 

E 

D X 10« 

r X 10« 

CuCl2 

(nui) 

Added electrolyte 

grama 

moles per 
liter 

molea per liter 

cm*, per 
second 

mv 

m*. per 
second 

cm 

104.6 

0 5 

0 795 NaCl 

1 58 HCl 

1 233 

-3 0 

3 59 

6 75 

104 6 

1 0 

1 58 HCl 

1 293 

~2 6 

3 47 

6 98 

69 7 

1 0 

0 594 HCl 

1 796 

-f 0 6 

4 64 

5 22 

69.7 

1.0 

None 

1 659 

+9 5 

3.93 

6 17 

52 3 

1 0 

0 594 HCl 

i 1 791 

+1 3 

4 60 

5 27 

52 3 

1 0 

None 

1 671 

' 4-8 4 

4 00 

6 06 

5 per cent 

1 0 

None 

1 1 153 


I (3 00) 


gelatin 

I 







arbitrary value, the error thus introduced into the final results is small 

2UE 

on account of the fact that the value of is small compared to 1 . 

In deriving equation 1, it was assumed that the mobility of the diffusing 
ion is constant throughout the system. This is probably a satisfactory 
approximation in the case of the silica gels, where the ionic strengths of 
the diffusing solution and of the gel are uniformly high. It probably is 
not satisfactory for diffusion into gelatin gels or into pure water, where U 
is some function of Xa and L In these systems, a calculation of D (taking 

= 0) should give a value of the “mean’^ diffusion coefficient of the two 
ions of the diffusing electrolyte in the medium used. The results in the 
5 per cent gelatin gel have been calculated in this way. 

The last column of table 1 gives the values of the apparent radius of the 
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cupric ion as calculated by means of the Stokes-Einstein equation; 


^ RT 1 
N dwriD 


( 2 ) 


In these calculations, ri was taken as the viscosity of water (0.00895). 
While the usefulness of this equation for calculating the radius of an ion 
has not been established, it has been shown (3) recently that the similar 
Einstein-Sutherland equation may be used for the calculation of molec- 
ular diameters under certain conditions. An excellent discussion of the 
validity of equation 2 has been given by Williams and Cady (5). 


DISCUSSION 

In systems which contain cupric chloride in the presence of other 
soluble chlorides, an appreciable fraction of the cupric ions may be present 
in the form of complex ions. Thus an error may have been introduced 
into the calculated values, owing to the fact that the concentration of the 
cupric ions was assumed to be equal to that of the cupric chloride. How- 
ever, since the chloride-ion concentration was uniformly high throughout 
the system, it is probable that the extent of such complex ion formation 
was relatively constant, and that the value of the concentration ratio w^hich 
was used in the calculations was practically unchanged. Furthermore, 
an error of even 10 per cent in the ratio, mo/m', would cause an error of 
only 1 per cent in the value of the diffusion coefficient. 

A comparison of the results in the second, third, and fifth lines of table 1, 
where hydrochloric acid was added to the diffusing solutions in approxi- 
mately the amounts present in the gels, shows that the highest gel concen- 
tration had an appreciable retarding effect on the diffusion pro(^ess. How- 
ever, the small difference between the diffusion coefficients in the two more 
dilute gels indicates that the retarding effect was relatively slight for these 
gel concentrations, and that the values are practically those wdiich would 
be obtained in the absence of the gel structure. 

The pronounced increase in the diffusion coefficient for a given gel con- 
centration caused by the addition of hydrochloric acid to the diffusing 
solution seems to illustrate the phenomenon of “accelerated” diffusion dis- 
cussed by McBain and his coworkers (4). This acceleration was caused 
by other diffusion processes taking place in the systems. In these silicic 
acid systems, the diffusion of water was probably negligible. The con- 
centration of the chloride ion was high and relatively uniform throughout 
the system, and the effect of any spontaneous diffusion of this ion seems to 
be taken into account in the calculations. However, wffien no hydrochloric 
acid was added to the diffusing solution, there was a rapid diffusion of 
hydrogen and sodium ions from the gel into the solution. Thus the cupric 
ions diffusing into the gel were retarded by “collision wdth the molecules 
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of a diffusing column^' (4) of positive ions diffusing spontaneously in the 
opposite direction. Addition of a suitable amount of hydrochloric acid to 
the diffusing solution practically eliminated this counter diffusion of hydro- 
gen ions, and enabled the cupric ions to diffuse more nearly at their normal 
rate. The slight difference caused by the addition of sodium chloride to 
the diffusing solution at the highest gel concentration indicates that similar 
compensation for the more slowly diffusing sodium ion is relatively un- 
important. 

It seems probable, therefore, that the values of the diffusion coefficient 
obtained in the more dilute gels with hydrochloric acid added to the dif- 
fusing solution are very nearly equal to the value for undisturbed diffusion 
of the cupric ion in water. Likewise, the corresponding values of r prob- 
ably are accurate approximations of the effective radius of the hydrated 
cupric ion in so far as the use of the Stokes-Einstein equation is justified 
for this calculation. 


SUMMARY 

1. A photometric method has been used to study the diffusion of cupric 
chloride into gels. 

2. The most probable value of the diffusion coefficient of the cupric ion 
in water is 4.6 X IQ-® cm.^ per second. 

3. A value of approximately 6.2 X 10~® cm. is suggested for the effective 
radius of the hydrated cupric ion in solution. 
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In a recent paper, Kolthofif (18) made a critical survey of the literature 
regarding the solubilities of metallic sulfides, and pointed out the surprising 
disparity to be found in the various values reported. He showed that the 
determinations for each sulfide fall more or less distinctly into two groups, 
in one of w^hich, represented principally by the results of Weigel (33) and 
of Biltz (3), the solubilities are of the order of 10”® moles per liter, while in 
the other, represented principally by the results of Bruner and Zaw^adzki (6), 
they are very much less. Kolthoff showed that the values in the first 
group cannot possibly be correct, and suggested that they might really 
represent the solubilities of oxidation products present at the surfaces of 
sulfides. This idea is supported by the well-known fact that oxidation 
products are usually present at the surfaces of sulfide minerals (27), and 
by the data in table 1, in which the solubilities of some possible oxidation 
products of a few of the sulfides (4, 7, 8, 19, 28) are compared with the 
solubilities of the corresponding sulfides as reported by Weigel. 

Kolthoff gave an improved list of solubilities and solubility products, 
but made no attempt to correct for activities, which, in many cases, cause 
appreciable changes in the values. Since accurate solubility and free 
energy data of the more important sulfides are required for research work 
in pyrometallurgy and in flotation, it was considen'd advisable to make a 
careful study of the results of previous investigators, and to recalculate 
their results with the aid of recent activity data.^ 

In order to determine ion-activity coefficients, it has been assumed 
that the activity coefficients of potassium and chloride ions are equal in 
potassium chloride solutions, and that the activity coefficient of any ion 
depends only on the ionic strength (20). 

ZINC SULFIDE 

Maier (21), using entropy data and the value 43,000 calories (2) for the 
heat of formation, obtained AF 298 = —41,600 for zinc sulfide. From this, 

^ Unless otherwise specified, free energies, activity data, electrode potentials, and 
ionization constants are from Lewis and Randall (20). 
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the solubility product of zinc sulfide is calculated to be 6.4 X 10""^*. These 
results are rather uncertain, however, owing to considerable uncertainty 
concerning the heat of formation. 

GlixeUi (9) has measured the solubility of zinc sulfide in sulfuric acid 
solutions of various concentrations at 25®C. He found that the zinc sulfide 
precipitated from alkaline solution (/5-ZnS) is several times as soluble as 
that precipitated from acid solution (a-ZnS); the /?-ZnS, however, slowly 
changes into the a-ZnS, which GlixeUi found to be stable, so evidently 
only the latter should be considered in calculating the solubility product. 

TABLE 1 


Comparison of solubilities of possible oxidation products of sulfides with WeigeVs data 
for the solubilities of the sulfides 


POSBIBLB OXIDATION PRODUrT 

SOLUBILITY 

SULFIDES 

SOLUBILITY 
( WEIGEL’S DATA) 


motes per liter 


moles per liter 

Hydrated zinc oxide . 

1 X 10-« 

ZnS (ppt.) .. 

0 71 X 10-* 

Zinc oxide 

36 X 10-® 

sphalerite 

6 6 X 10-« 

Lead carbonate | 

4 0 X 10-« 

6 3 X 10“« 

PbSCppt.).. . 
Galena 

3 6 X 10-« 
12 X 10 » 

Lead oxide 

Copper carbonate 

55 X 10-« 

CuS 

3 5 X 10 ’« 

(CuO -0.515002 • O.eiHaO) . 

13 X 10-« 

CU2S 

3.1 X 10-« 


TABLE 2 


Equilibrium constants for solubility of zinc sulfide in sulfuric acid 


HjSOi 

CONCENTRATION 

(ins) X 103 

p 

(H-^) 

«Zn 

Ki X io« 

formal 

moles per liter 





0.001 

0 024 

0 00275 

0 00178 

0 72 

1.31 

0.01 

0 207 

0 0205 

0 01393 

0 52 

1.15 

0 05 

0 927 

0 0844 

0 05672 

0 36 

0.96 

0 25 

4 376 

0 35 

0.25 

0 24 

0.74 

Mean 

1.04 

1 


For the solubility equilibrium 

ZnS(s) + 2H+ = Zn++ + H^SCaq) 
the equilibrium constant is 

Ki = (Zn++) (H 2 S)/(H+)» 

In table 2 are shown the results of the recalculations of Glixelli’s data. 
The ionic strengths (jx) and the hydrogen-ion activities (H+) were calcu- 
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lated from the data of Sherrill and Noyes (30) for acid concentrations of 
0.05 molal and less; the activity of hydrogen ion in 0.25 molal sulfuric acid 
was estimated to be 0.25. The activity coefficients of zinc ion (azn) were 
calculated from the data of Lewis and Randall on potassium chloride and 
of Scatchard and Tefft (29) on zinc chloride. 

In a similar way, the value of = 0.91 X 10~^ was calculated from the 
results of Moser and Behr (24), who found the solubility of zinc sulfide (pn^- 
cipitated by hydrogen sulfide from zinc sulfate solution) to be 6.34 X 10~^ 
moles per liter in 1 molal sulfuric acid saturated with hydrogen sulfide 
at atmospheric pressure and 20°C. It has been assumed that the decr(‘ase 
in solubility of hydrogen sulfide from 20°C. to 25°C. was approximately 
compensated by the increase in solubility of the zinc sulfide. 

Although the sulfuric acid concentration varies 1000-fold in the two sets 
of data, the extreme variation of the equilibrium (‘onstant is only 1.8-fold. 
The value = 1.0 X 10“^ is therefore probably quite reliable. From 
this value it is found that the solubility product of zinc sulfide is 1 .5 X 10 
and AF 298 = —46,960; with the aid of Maier\s entropy data, the value of 
A// is found to be —48,355. 


LEAD SULFIDE 

Unfortunately, there are few data available from whicdi an accurate 
value for the solubility product of lead sulfide can be calculated. Bruner 
and Zawadzki (6) measured the solubility of lead sulfide in hydrochloric; 
acid solutions and obtained Ki = 3.1 X 10"®, whicdi corresponds to a solu- 
bility product of 3.6 X 10“^®. They give no experimental data, however, 
but merely state that their result was obtained from several exi)eriments 
whieffi agreed well with each other; it is impossible, therefore, to recalculate 
their value. 

Jellinek and Czerwinski (14), from measurements of the potentials of a 
lead electrode in sodium sulfide solutions, obtained values from 6.4 X lO"^*’ 
to 13.0 X 10~^® for the solubility product of lead sulfide, and from similar 
measuremc'iits in sodium hydrosulfide solutions, obtained values from 
1.4 X 10"^® to 5.0 X 10"^®. Trumpler (31), however, has shown that lead 
electrodes in sulfide solutions do not exhibit their true potentials, and by 
making the proper corrections he obtained the value 15 X 10~®® from 
measurements of the potential of a lead electrode in 2 N sodium sulfide 
solution. 

Trumpler also found that the highest concentration of hydrochloric 
acid saturated with lead chloride from which lead sulfide can be precipi- 
tated by hydrogen sulfide at atmospheric pressure is 2 normal; from this 
he calculated the solubility product to be 4.9 X 10“^®. A much more 
accurate value can be calculated with the aid of activity data. From the 
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data of Lewis and Randall on the solubility of lead chloride and on the 
activity coeflBcients of hydrochloric acid, and of Harned on the activity 
coefficients of potassium chloride (10), the value Ki = 7.87 X is 
obtained for the equilibrium 

PbS(s) + 2H+ = Pb++ + H 2 S (aq) 

which corresponds to the value 9.05 X 10“®° for the solubility product of 
lead sulfide. 

Maier (23) has recently calculated from the thermal data of Jellinek 
and Zakowski (16) and of Jellinek and Deubel (15) the value AF 298 = 
— 21,977 for the free energy of formation of lead sulfide. From this the 
solubility product of lead sulfide is found to be 7.00 X 10“®°, which agrees 
excellently with the value calculated above. 

COPPER SULFIDES 

Except for the values of Weigel and of Biltz, the only determinations 
of the solubility of cupric sulfide seem to have been made by measuring the 
potentials of copper electrodes in sulfide solutions against a normal calomel 
electrode. From such electromotive force measurements by Immer- 
wahr (11) and by Knox (17), Bruner and Zawadzki ( 6 ) calculated the values 
5.9 X 10“^ and 1.2 X 10“^^, respectively; Jellinek and Czerwinski (14) 
from similar measurements obtained values from 1.0 X 10“^^ to 5.0 X 10“^®. 
In spite of the agreement among these results, they very probably are 
incorrect, since Trumpler (31) has shown that in strong sulfide solutions 
the only stable copper sulfide is CU 2 S. 

Cupric sulfide 

Randall, Nielson, and West (26) have calculated the free energy of for- 
mation of cupric sulfide to be —11,755. This corresponds to 3.48 X 10' ®® 
for the solubility product. If the other values given above for the solu- 
bility product were correct, the free energy value of Randall, Nielson, 
and West w’ould be in error by more than 5000 calories, whereas it very 
probably is correct to within less than 1000 calories. 

Cuprous sulfide 

It was pointed out above that the measurements of Jellinek and Czer- 
winski are inapplicable to cupric sulfide. Their measurements can be 
used, however, to calculate the solubility product of cuprous sulfide, and 
seem to be the best available for this purpose. They give quite complete 
data, but unfortunately their experiments were performed at 10®C. Since 
there are no data from which the electrode potential of cuprous ion at 
10 ®C. can be obtained, it appears that the best procedure is to use the 25®C. 
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values for the electrode potentials of cuprous ion^ and of the normal calomel 
electrode (against which Jellinek and Czerwinski made their measure- 
ments). This is equivalent to assuming that the potentials of these two 
electrodes change approximately the same amount in passing from 25°C. 
to 10*^C., which is not improbable. 

The sulfide-ion concentrations in sodium sulfide and in sodium hydro- 
sulfide solutions as given by Jellinek and Czerwinski are undoubtedly in- 
correct. Much more accurate values can be determined from the ioniza- 
tion constants of hydrogen sulfide and of water at 10®C., which can readily 
be calculated from the data of Lewis and Randall. 

In evaluating the sulfide-ion concentrations, the ionic strength of sodium 
sulfide has been taken as twice its molality (since it is almost completely 


TABLE 3 

Solubility product of cuprous sulfide at 10°C. 


MOLAI. 

CONCENTRATION 

Ec IN VOLTS 

(Cu+) X lOM 

(S") X 105 


(a) NasS 

0 5 

1 131 

0 395 

656 0 

1 02 

0 1 

1 100 

1 41 

56 2 

1 13 

0 05 

1 079 

3 33 

15 6 

1 73 

0 01 

1 060 

7 25 

0 792 

0 417 

0 005 

1 041 

1 

15 8 

0 212 

0 529 

Mean 

0 963 


(b) NaHS 


0.5 

0 990 

128 0 

0 436 

71 3 

0 1 

0 982 

177 0 1 

0 0559 

17 5 

0.05 

0 980 

193 0 

0 0212 

7 91 


hydrolyzed to sodium hydroxide and sodium hydrosulfide), and that of 
sodium hydrosulfidc as equal to its molality; the activity coefficients of 
hydrosulfide ion and of hydroxyl ion have been assumed to be equal, and 
have been calculated from data given by Lewis and Randall for potassium 
hydroxide. 

In table 3 are shown the results of the calculations. The column headed 
Ec gives the potentials against the normal calomel electrode as deter- 
mined by Jellinek and Czerwinski. The constants obtained from the 
measurements in sodium hydrosulfide solutions are rather inconsistent, 
and differ considerably from those obtained from the measurements in 
sodium sulfide solutions. Jellinek and Czerwinski prepared their sodium 


a J^o « —0.522. Fenwick; J. Am. Chem. Soc. 48, 860 (1926). 
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hydrosulfide solutions by saturating a sodium hydroxide solution of definite 
concentration with hydrogen sulfide, sweeping out the excess hydrogen 
sulfide with a stream of hydrogen, and diluting to the desired concentra- 
tion. It is possible, however, that the removal of hydrogen sulfide was 
incomplete, for it is very interesting to note that if it is assumed that an 
excess of 1 per cent of hydrogen sulfide is present, the following values for 
the solubility product of cuprous sulfide are obtained from the three 
sodium hydrosulfide solutions, respectively: 1.88 X 1.21 X 10“^S 

and 0.774 X 10“*^^ These figures agree well not only with each other, but 
also with those obtained from the sodium sulfide solutions. 

Randall, Nielson, and West (26) have calculated the free energy of forma- 
tion of cuprous sulfide as — 19,955 at 25®C., which corresponds to 36 X 10"“®^ 
for the solubility product. The agreement between this value and the 
value 1.0 X 10~®^ obtained above for 10®C. may be considered quite satis- 
factory, since an increase of 3.3-fold in the solubility of cuprous sulfide in 
passing from 10°C. to 25°C. would account for the difference. 

THALLOUS SULFIDE 

The solubility product of thallous sulfide can be recalculated from the 
complete data given by Bruner and Zawadzki (6) for the equilibrium 

TI 2 S + 2H+ = 2T1-^ + H2S(aq) 

They obtained Ki = 0.637. They reached equilibrium by four methods: 
by precipitating the sulfide with hydrogen sulfide at a pressure of one 
atmosphere from neutral or slightly acidified solutions of (a) thallous 
sulfate and (b) thallous nitrate; (c) by dissolving thallous sulfide in sulfuric 
acid solutions in the presence of hydrogen sulfide at atmospheric pressure ; 
and (d) by dissolving thallous sulfide in sulfuric acid in sealed tubes, in 
which case thallous ion and hydrogen sulfide are present in equivalent 
amounts. 

In making the calculations, only solutions in which the ionic strength 
was less than 0.1 have been considered. The hydrogen-ion activities were 
determined from the data of Sherrill and Noyes (30) for sulfuric acid solu- 
tions; activity coefficients for thallous ion were obtained from Lewis and 
Randall. 

In their experiments with sealed tubes (method d), Bruner and Zawadzki 
measured both the thallous-ion and hydrogen sulfide concentrations at 
equilibrium, and used both in their calculations. The values for the two 
should be exactly equivalent, but the values they obtained for hydrogen 
sulfide are consistently low. The recalculations are based on the thal- 
lium determinations, which are probably the more reliable. 

The results of the calculations are summarized in table 4. The solutions 
considered cover a sixfold range of thallous-ion concentrations, and a 
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sevenfold range of hydrogen-ion concentrations. The values of Ki all 
agree quite well, although those obtained from method b are somewhat 
high. If the latter are discarded, the composite mean becomes 0.520 with 
an average deviation of 5.70 per cent and a maximum deviation of 11.92 
per cent; there seems to be no valid reason to discard them, however. 
The mean, 0.556, corresponds to 6.39 X lO"^^ for the solubility product 
and —22,365 for the free energy of formation of thallous sulfide. 

Moser and Behr (24) have obtained 0.00329 mole per liter as the mean 
of several measurements of the solubility of thallous sulfide in 0.005 M 
sulfuric acid saturated with hydrogen sulfide at atmospheric pressure and 
20®C. Assuming, as in the case of zinc sulfide, that the decrease in solu- 
bility of hydrogen sulfide at 25°C. is balanced by an increase in the solu- 
bility of thallous sulfide, the value of Ki is calculated to be 0.42, which 
agrees reasonably well with the more reliable value found above. 

TABLE 4 


Equilibrium constants for soluhilily of thallous sulfide 'in acid solutions 


BQriLlBRIX’M METHOD 

NUMBER Of 
EXPERIMENTS 

MEAN VALUE OF 

/Cl 

AVERAOE 
DEVIATION FROM 
MEAN 

MAXIMUM 
DEVIATION FROM 
MEAN 




per cent 

per cent 

a 

10 

0 510 

4 82 

9 22 

b 

4 

0 712 

5 13 

7 30 

(• 


0 560 

4 11 

6 07 

d 

4 

0 510 

6 42 

10 20 

Composite 

21 

0 5556 

11 53 

37 51 


SILVER SULFIDE 

From data given by Jellinek and Czerwinski (14) on the potentials of a 
silver ek^ctrode in sodium sulfide solutions at 10°C., the solubility product 
of sih er sulfide (\an })(' cahailated in the same manner as for cuprous sulfide. 
In this case, however, information is available from which the electrode 
potential of silver at 10°C. can be determined. For silver ion, ATh^s = 
24,870 (12). Assuming this to be constant between 25°C. and 10°C., the 
electrode potential of silver at 10°C. is calculated to be —0.8206 volt. 
For the half-cell Hg, HgCl, Cl~, A //298 = 8291 (Lewis and Randall (20)), 
and from this, the potential of the normal calomel eknlrodc at 10°C. is 
calculated to be —0.2862 volt. Using these values, the silver-ion con- 
centrations in table 5 were obtained; the sulfide-ion concentrations were 
determined in the consideration of cuprous sulfide. 

From the mean value, 1.04 X 10~^, of the solubility product at 10®C, 
its value at 25°C. can be calculated with the aid of the values of AH for 
silver sulfide, silver ion, and sulfide ion. These are —5022, 24,870, and 
10,043, respectively (13). Assuming these to be constant between 10°C. 
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and 25®C., the solubility product is calculated to be 3.28 X 10"“®^ which 
corresponds to —9930 for the free energy of formation of silver sulfides. 

The equilibrium 

Ag 2 S(s) + H 2 (g) = 2Ag(s) + H 2 S(g) 

has been investigated at temperatures from about 450®C. to 700®C. by 
Watanabe (32), who found AFjgg = —9098 for the formation of silver 
sulfide. This determination, however, probably involved a long extra- 
polation with the aid of somewhat uncertain heat capacity data. Noyes 
and Freed (25) have made a careful study of the same equilibrium at 25®C. 
and obtained values from —1350 to —2116 for the standard free energy 
change of the reaction. The free energy of formation of hydrogen sulfide 
is — 7840, hence the corresponding values of the free energy of formation 

TABLE 5 


Solubility product of silver sulfide at lO^C, 


OONCBNTRATION 
OF NaaS 

1 

Ec , 

(Ag+) X 10« 

(S”) X 10» 

^Ag,S X 

moUH 

voltft 




0.5 

0 928 

0.922 

656.0 

0.558 

0.1 

0 8895 

4 47 

56.2 

1 12 

0.05 

0 869 

10 35 

15 6 

1 67 

0 01 

0.842 

31.3 

0.792 

0 776 

0 005 

0 822 

71 1 

0.212 

1.07 

Mean ... 

1.04 


of silver sulfide arc from —9190 to —9956. The value —9930, calculated 
from the solubility product, thus falls between these two values. 

CADMIUM SULFIDE 

There seem to be no very reliable data from which the free energy or 
solubility product of cadmium sulfide can be accurately determined. 
Bruner and Zawadzki (6) studied the equilibrium 

CdS(s) + 2H+ = Cd++ + H 2 S(aq) 

under several different conditions and obtained Ki = 4.6 X 10“' for cad- 
mium sulfide formed from cadmium sulfate, and Ki = 6.6 X 10"® for 
cadmium sulfide formed from the chloride; these values correspond to 
solubility products of 6.3 X 10"'* and 7.6 X 10"**, and free energies of 
formation of —34,106 and —31,915, respectively. They state that their 
constants varied rather widely, and that the solid phase did not appear to 
be well-defined, vaiying from red to yellow according to the precipitation 
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conditions and the duration of the experiments. Since they give no ex- 
perimental data, their results cannot be recalculated. 

Aumeras (1) recently obtained the value Ki = 1.06 X 10"® for the above 
equilibrium by measuring the solubility of cadmium sulfide (precipitated 
from the chloride) in hydrochloric acid solutions (0.24 N to 0.885 N) in 
the presence of varying concentrations of hydrogen sulfide; the cadmium 
concentration varied from 0.00025 M to 0.003 M. These measurements, 
however, seem to be quite unsuitable for the determination of /fi, since 
Lewis and Randall (20) have shown that the activity coefficient of cadmium 
chloride becomes decidedly abnormal at concentrations greater than about 
0.0005 Mf and this effect would undoubtedly be greatly enhanced in the 
presence of relatively strong hydrochloric acid. 

Maier (22), from entropy data and Thomsen’s value. A// = —34,350, for 
cadmium sulfide has calculated the free energy of formation to be —33,038. 

TABLE 6 


Free energy and soluhilily data for sulfidea 


Ht LFIDE 

TEMPERATURE 


SOLUBILITY PRODUCT 

SOLUBILITY IN WATER 








rnoleH per liter 

ZnS 

25 

-46.9()0 

1 

15 

X 

10 

1 

47 

X 

io-» 

PbS . . j 

25 

- 21,977 

7 

00 

X 

10-30 

3 

62 

X 

10-11 

CuS 

25 

-11,755 

3 

48 

X 

10-3» 

2 

55 

X 

10-16 

CUaS 

25 

-19,995 

3 

60 

X 

10 

1 

19 

X 

10-14 

TLS 

25 

-22,3a5 

6 

39 

X 

10-23 

3 

55 

X 

10 -» 

Ag2S 

25 

-9,930 

3 

28 

X 

10-62 

2 

48 

X 

10 -“ 

CdS 

25 

-33,038 

1 

14 

X 

10 

1 

46 

X 

10-10 

CU2S 

10 


1 

0 

X 

10-51 

4 

24 

X 

10-1® 

Ag 28 

10 


1 

04 

X 

10-64 

4 

29 

X 

10-1« 


Britzke and Kapustinsky (5), from equilibrium measurements of the 
reduction of cadmium sulfide by hydrogen at high t(‘mperaturcs, obtained 
A//298 = —19,800, and they suggest the possibility that cadmium sulfide 
precipitated from solution may have the composition Cd(CdS2) at room 
temperature, dissociating into CdS at higher temperatures. In view of 
the agreement between Maier’s free energy value and those calculated from 
the results of Bruner and Zawadzki, it appears that the former ( — 33,038) 
is the most reliable value available at the present time for i)recipitated 
cadmium sulfide. 


RfisuM^: 

In table 6 are listed the values recommended for the standard free 
energies of formation, the solubility products, and the solubilities in water 
of the sulfides which have been considered. 



70 


8. FREDERICK RAVITZ 


REFERENCES 

(1) Aumbras: J. chim. phys. 26, 727 (1928). 

(2) Bbrthelot: Ann. chim. phys. [5] 4, 187 (1875). 

(3) Biltz: Z. physik. Chem. 68, 288 (1907). 

(4) Bottgbr: Z. physik. Chem. 46, 621 (1903). 

(6) Britzkb and Kapustinsky: Z. anorg. Chem. 194, 349 (1930). 

(6) Britner and Zawadzki: Z. anorg. Chem. 66, 136 (1909). 

(7) Dupre and Bialas: Z. angew. Chem. 16, 55 (1903). 

(8) Free; J. Am. Chem. Soc. 30. 1366 (1908). 

(9) Glixelli: Z. anorg. Chem, 66, 297 (1907). 

(10) Harned: j. Am. Chem. Soc. 61. 416 (1929). 

(11) Immerwahr: Z. Elektrochem. 7, 478 (1901). 

(12) International Critical Tables, Vol. V, p. 188. McGraw-Hill Book Co., New 

York (1929). 

(13) Reference 12, pp. 177 and 188. 

(14) Jellinek and CzERWiNSKi: Z. physik. Chem. 102, 438 (1922). 

(15) Jellinek and Deubel: Z. Elektrochem. 36, 451 (1929). 

(16) Jellinek and Zakowski: Z. anorg. Chem. 142, 1 (1925). 

(17) Knox: Trans. Faraday Soc. 4, 30 (1908). 

(18) Kolthoff: J. Phys. (^hem. 36, 2711 (1931). 

(19) Kolthoff and Kameda: J. Am. Chem Soc. 63, 832 (1931). 

(20) Lewis and Randall: Thermodynamics, pp. 380-1. McGraw-Hill Book Co., 

New York (1923). 

(21) Maier: U. S. Bureau of Mines, Bulletin 324, p. 27 (1930). 

(22) Maier: U. S. Bureau of Mines, R. I. 3218, p. 32 (1933). 

(23) Maier, C. G.: Unpublished report entitled “The Contamination of Gold Sur- 

faces by Lead Compounds in Roasting Galena-containing Auriferous 
Pyrite." Private communication to the author. 

(24) Moser and Behr: Z. anorg. Chem. 134, 49 (1924). 

(25) Noyes and Freed: J. Am. Chem. Soc. 42 , 476 (1920). 

(26) Randall, Nielson, and West: Ind. Eng. Chem. 23, 388 (1931). 

(27) See, for example, Ravitz and Porter: Am. Inst. Mining Met. Engrs. Tech. 

Pub. 513, p. 4 (1933). 

(28) Remy and Kuhlmann: Z. anal. Chem. 66, 161 (1924). 

(29) Scatchard and Tbfft: J. Am. Chem. Soc. 62 , 2272 (1930). 

(30) Sherrill and Noyes: J. Am. Chem. Soc. 48, 1870 (1926). 

(31) Trumpler: Z. physik. Chem. 99, 9 (1921). 

(32) Watanabe: Bull. Inst. Phys. Chem. Research Tokyo 8, 708 (1929); cf. Chem. 

Abstracts 24, 289 (1930). 

(33) Weigel: Z. physik. Chem. 68, 283 (1907). 



VISCOSITY RELATIONSHIPS IN EMULSIONS CONTAINING 

MILK FAT 

ABRAHAM LEVITON and ALAN LEIGHTON 

Research Laboratories^ Bureau of Dairy Industry^ U . S. Department of Agriculture^ 

Washington^ />. C. 

Received March 5, 19S5 

On the basis of theoretical hydrodynamics, the viscosity of a dilute 
emulsion is a linear function of the volume percentage of the dispersed 
phase, and is indei)endent of particle size. The equation derived by Tay- 
lor (4) expressing this relationship is: 

^ = 1 + 2.5 ’''-tJ.A" V 

Vo V + Vo 

whore 17 = viscosity of emulsion, 

170 = viscosity of continuous medium, 

77' = viscosity of dispersed phase, and 
V = ratio of volume of dispersed phase to total volume. 

When rj' is infinite, i.e., when the suspended phase is solid, the equation 
becomes identical with the Einstein formula go\'erning the viscosity rela- 
tionships in a suspension of solid spheres. 

The applicability of equation 1, as well as the Einstein equation, is 
limited by the assumptions underlying the theoretical development of 
these equations. 

Smoluchowski (3) lias pointed out that thc^ range* of conc(*ntration over 
which the Einstein equation is applicable is so narrow that the accuracy 
with which viscosity may be measured is insufficient to establish the valid- 
ity of the equation, and that consequently an investigation of a suspension 
over a wide range of concentration, leading to the develo])ment of an 
empirical relationship, is desirable. Such a relationship, according to 
Smoluchowski, should be reducible for very small concentrations to the 
relationship expressed in the Einstein equation, and should be generally 
applicable to suspensions of spherical particles. 

For various reasons, and under certain experimental conditions which 
will be discussed in other parts of this paper, viscosity data obtained in 
the investigation of milk and related emulsions should be susceptible to 
treatment on the basis of the conclusions drawn from investigations in 
theoretical hydrodynamics, provided that in the emulsions under investiga- 
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tion the medium containing the ingredients other than fat may properly 
be regarded as the continuous medium. An empirical equation developed 
for these emulsions should be generally applicable to suspensions of spheri- 
cal particles. 

In view of the foregoing considerations, an investigation was under- 
taken of the viscosity of emulsions containing milk fat suspended in skim 
milk, in diluted skim milk, in concentrated skim milk, and in a very viscous 
solution of sucrose in skim milk; first, in order to establish empirically the 
relationship existing between the following: (1) the viscosity of an emul- 
sion and the concentration of the dispersed phase, (2) the viscosity of an 
emulsion and the composition of the continuous medium, and (3) the 
viscosity of an emulsion and the degree of dispersion of the dispersed phase ; 
and, finally, in order to discuss the significance of these empirical rela- 
tionships. 


EXPERIMENTAL 

Smoluchowski (3) has pointed out that, in order to test the validity of 
the Einstein equation, it is necessary to work with suspensions in which 
the hydrodynamical volume of the suspended material does not differ 
measurably from the actual volume because of the association of part of 
the continuous medium with the suspended material. Inasmuch as the 
clumping of the fat globules is a phenomenon usually encountered in milk 
and related emulsions, which would contribute towards an increase in the 
apparent volume of the suspended material, it is necessary to work under 
conditions such that the clumping is minimized to the extent where its 
effect on viscosity is entirely negligible. For this reason viscosity measure- 
ments by means of a capillary pipet were made at 64°C. on samples stirred 
uniformly and continuously prior to measurement. The stirring, carried 
out in such a manner as to avoid the incorporation of air, permitted of uni- 
formity in the distribution of the fat phase, and minimized the probability 
of the formation of stable clumps. 

The temperature of the measurement was selected as one at which, 
according to the results of Troy and Sharp (5), fat clusters do not form at 
all in unhomogenized milk, and at which those that are present tend to 
disintegrate. It may be observed, by means of a microscope, that when 
milk at approximately this temperature flows through a capillary under 
the application of a very slight pressure head, the fat globules, as they 
move past the field under observation, are dispersed as single globules. 
Although rigid proof of the complete absence of clumps in the more con- 
centrated emulsions is extremely difficult, if not impossible, to obtain, yet, 
if the empirical equation developed from the viscosity data obtained in 
the investigation of these emulsions is reducible to the Taylor equation, 
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then it may safely be inferred that the extent of clumping, if clumps are 
present at all, is small enough to be entirely negligible. 

A part of the mix under investigation was forced up under a known 
pressure into the viscosimeter, the capillary tubing of which was for the 
most part immersed in the sample, although partly surrounded by a hot- 
air jacket. Precautions were taken that the temperature of the capillary 
should be the same as that of the mix prior to the application of pressure. 

The pressure at which the determination was made was corrected to 
compensate for the back head created as the fluid rose in the pipet. The 
corrected mean pressure was obtained by means of the following formula: 


P.n 


(^2 — hi)d 


2.303 log ^ 
P 0 


M 

h^d 


where Pm — the mean pressure, 
d = the density, 

Po = the recorded pressure, 

h\ = the distance between the top of the capillary and the top 
mark of the pipet, and 

//2 = the distance between the level of th(* fluid in the container 
and the top mark of the pipet. 

The formula may be easily derived and shown to bo applicable to the vis- 
cosity data reported in this paper. 

Viscosity values were calculated by means of the following fundamental 
equation for flow through a capillary tube as determined by Poiseuille, 
and amplified by C^ouette: 



where r) = the viscosity, 

P = the pressure difference causing flow, 

t = the time required for a definite volume of fluid to enter 
the viscosimeter, and 

Ki and K 2 — constants, the values of which depend on the dimensions 
of the viscosimeter. 

In one experiment the pressure was halved in order to note whether the 
mixes were truly viscous. No indication was found of the existence of any 
significant plastic effects. 

The pressures used in the various measurements ranged from 78.1 to 
183.9 g. per square centimeter, depending on the viscosity of the mixes 
investigated. Both too rapid, as well as too slow, rates of flow were 
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avoided, since these were conditions conducive to turbulent flow on one 
hand and to creaming on the other. 

Composition of emulsions 

In order to ascertain the relationship existing between the viscosity of 
an emulsion and its fat percentage when the composition of the continuous 
medium is varied, the following series of emulsions were investigated : 

I. (a) Cream containing 36.5 per cent fat; (b) skim milk contain- 
ing 0.02 per cent fat; (c) emulsions containing (a) and (b) 
in the following proportions: 3:1, 2:1, 1:3, 1:5. 

II. (a) Emulsion containing 20 per cent fat, 30 per cent skim milk, 
and 50 per cent water; (b) suspension containing 50 parts 
water to 30 parts skim milk; (c) emulsions containing (a) 
and (b) in the following proportions: 4:1, 3:2, 2:3, 1:4. 

III. (a) Emulsion containing 20 per cent fat, 30 per cent skim milk, 

and 50 per cent condensed skim of a 28.6 per cent milk- 
solids-not-fat content; (b) suspension containing 50 parts 
condensed skim milk of a 28.6 per cent solids content to 
30 parts skim milk; (c) emulsions containing (a) and (b) 
in the following proportions: 4:1, 3:2, 2:3, 1:4. 

IV. (a) Emulsion containing 28 per cent fat, 42 per cent skim milk, 

30 per cent cane sugar; (b) suspension containing 30 parts 
cane sugar to 42 parts skim milk; (c) emulsions containing 
(a) and (b) in the following proportions : 4 : 1, 3 : 2, 2 : 3, 1 : 4. 

All emulsions in each of the series were derived from skim milk and 
cream obtained from the same bat(;h of fresh whole milk. Fat determina- 
tions (Babcock) in triplicate on samples taken from the cream used in the 
preparation of the various mixes served as a basis for the calculation of the 
fat percentage of the various mixes. The densities of the \^arious suspen- 
sions containing no fat, that is, of the continuous media, were determined 
at 64°C. From these values and that of the density of milk fat at 64°C., 
as recorded in the literature, the densities of the various (emulsions wore 
calculated. 

In each of the series of emulsions I, II, III, and IV, only the fat per- 
centage was varied. In the emulsions of series I, II, and III, the (jontinu- 
ous medium consisted of skim milk, diluted skim milk, and concentrated 
skim milk, respectively. In the emulsions of series IV, the continuous 
medium contained, in addition to the skim milk, sufficient cane sugar to 
give a rather viscous suspension. The variations in the composition of 
the continuous medium were such that a very wide range of viscosity values 
belonging to the continuous medium was obtained. These variations were 
necessary to the development of an empirical relationship of wide applica- 
bility and of theoretical significance. The results of viscosity measure- 
ments on the various emulsions are given in table 1. 
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In order to ascertain the relationship existing between the viscosity of 
an emulsion and the degree of dispersion of the fat phase the following 
emulsions were investigated: (I) cream containing 10 per cent fat and 1 
part of sodium citrate per 100 parts of mix; (II) emulsion containing 10 
per cent fat, 23J per cent skim milk, 66§ per cent water, and 100 grams of 
sodium citrate per 30 pounds of mix. 

These emulsions were heated to OO^C. and divided into two portions; 
one portion was homogenized at 2500 poimds, and rehomogenized at 500 
pounds pressure. Viscosity measurements were then made on the homo> 
genized and imhomogenized portions of emulsion I. The mixes obtained 
from emulsion II were condensed under vacuum to contain approximately 
40 per cent fat, after which they were standardized to contain exactly 
30 per cent fat. Viscosity measurements were then made on these 
emulsions. 


TABLE 2 


Showing effect of an increase in dispersion of fat globules on viscosity 


FAT CONCKN- 
TRATION 

DIAMETER OF 
FAT aLOBVLBH 

PRESS (' RE 
\ 6BD IN 
VI.*iC08ITY 
MEASUREMENT 

TIME OP FLOW 

V 

visroaiTY 

AT 64'’C. 

per cent 

P 

grama per cm.* 

aec. 

see. 

aec 

cenitpoiaea 

30 

3 

145 0 

69 6 

59 6 

59 4 

2.476 

30 

0 7 

145.0 

59 8 

59 5 

59 4 

2 476 

10 1 

3 

152 0 

24 6 

24 7 

24 7 

0.924* 

10 

0 7 

152 0 

24 6 1 

24.7 

24 7 

0 924 


* Viscosimeters used for 10 per cent mixes and 30 per cent mixes differed. 


Microscopic observations under a magnification of 800 to determine the 
average size of the fat globules were made on samples diluted 1:200 and 
mounted as hanging drops. These results, together with the results of 
viscosity measurements, are tabulated in table 2. 

The addition of sodium citrate to the emulsions, and subsequent rehomo- 
genization, serve to render decidedly unfavorable the chances for the forma- 
tion and the existence of clumps. Thus, Hening and Dahlberg (2) report 
that the addition of sodium citrate to an ice cream mix prior to homogeniza- 
tion serves to reduce the size and the number of clumps in the homogenized 
mix, while rehomogenization is well known as a means to disintegrate the 
clusters formed during homogenization. 

DISCUSSION 

That the suspensions containing no fat may be considered identical in 
composition with the continuous media of the corresponding emulsions 
containing fat presupposes that the extent to which protein is adsorbed 
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by the fat is negligible. Evidence exists to support such an assumption. 
The ratio of water to milk-solids-not-fat in cream, according to information 
contained in Fundamentals of Dairy Science (1) has repeatedly been demon- 
strated to be the same as the ratio in the milk from which the cream was 
produced. Proof of a more decisive character to justify the assumption, 
however, may be obtained from the investigation of Troy and Sharp (5), 
who report that the variation of the rate of rise of individual fat globules 
in milk with variations in the radius of the globules obeys quite exactly 
Stokes' law. This conformation to Stokes' law should have its counter- 
part in the conformation to Taylor’s equation, in the case of dilute emul- 
sions, of the viscosity data reported in this manuscript. 

Table 1, which gives the results of the viscosity measurements on emul- 
sions varying in their fat content and in the composition of the continuous 
medium, also gives the values calculated from the following relationship 
deducible from these results : 

In = 2.5 iV + V ' + V~) (2) 

where the significance of the terms may be obtained by reference to equa- 
tion 1 . It is readily seen that for small values of V the equation may be 
reduced to: 


-’? = !+ 2.5 ^±.1^ V 
Vo V + Vo 

which is identic^al with the equation derived by Taylor on the basis of 
theoretical hydrodynamics. 

In connection with the power series invoh ing F, and occurring in the 
exponent of equation 2, it may be explained that is included as the 
next term in the series in conformity with the suggestion of Smoluchow’- 
ski (3) that, if the development of the Einstein equation is extended to 
apply not only to very dilute suspensions but also to more concentrated 
ones, the series development involving F should include, in addition to 
F, F» as a very close approximation to the next term. The third term, F V , 
in the seri(\s has no theoretical significance, and is included in order to 
effect an agreement between the measured and calculated values of 77, for 
the emulsions containing comparatively high concentrations of fat. 

The form of the eejuation and the constant occurring in it arc inde- 
pendent of the milk-solids-not-fat content of the continuous medium. 
The equation may be reduced for dilute emulsions to that derived by 
Taylor, regardless of the composition or the viscosity of the continuous 
medium. Consequently, the designation of the suspension, containing 
particles small in size relative to the fat globules, as the continuous medium 
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is justified, and the validity of the application of Taylor^s equation to the 
emulsions under investigation may be considered to be established. The 
multiplication of the constant 2,5 in the Einstein equation by the term 

ri' + i Vo 
v! + Vo 

to compensate for the currents set up within the particle, when the dis- 
persed phase is fluid, is supported experimentally by the results given in 
table 1. Thus, rjo may be varied by the addition of water, condensed 
skim milk, or cane sugar to skim milk, so that the expression 

v' + i Vo 

v' + Vo 

is varied from 2.27 to 2.45, and yet the calculated values of the ratio be- 
tween the viscosity of the emulsion and that of the continuous medium 
agree within experimental error with the measured values. 

Considered together with the evidence already offered in the experi- 
mental part, the fact that empirical equation 2 is reducible to the theoreti- 
cal equation may be taken as proof that the extent of clumping is insignifi- 
cant, not only in the dilute emulsions under investigation but also in the 
more concentrated ones. 

The results contained in table 2, concerning the effects of subdivision of 
the fat globules on the viscosity of the emulsions containing 10 per cent 
and 30 per cent fat, indicate that, within the limits of experimental error, 
no measurable increase in viscosity attends a fourfold reduction in the 
diameter of the fat globules, in agreement with the theoretical demands 
implicit in equation 1. This independence of viscosity with respect to 
the size of the fat globules indicates that the viscosity relationships ob- 
tained for the unhomogenized emulsions may be applied without change 
to the corresponding homogenized emulsions, provided of course that the 
homogenized emulsions are free of fat clusters. 

Although adsorption of protein undoubtedly occurs as a result of the 
increase in area of the fat phase, there is correspondingly no measurable 
increase in the viscosity of the emulsion. This may signify perhaps that 
only an insignificant quantity of protein has been adsorbed. However, 
it is extremely doubtful whether an increase in viscosity should attend an 
increase in the quantity of adsorbed protein, primarily because adsorption 
may be considered to result only in a change in the distribution of sus- 
pended material in a suspension in which water is the suspending medium, 
rather than in a change in the hydrodynamical volume of the suspended 
material. This conclusion, of course, follows as a result of a change in 
viewpoint from the consideration of the medium containing the ingredients 
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other than fat as the continuous medium to the consideration of water as 
such. It would also follow if the increase in viscosity associated with the 
increase in the hydrodynamical volume of the fat phase is considered to 
be exactly compensated by the decrease in viscosity of the continuous 
medium due to the removal of protein from this medium. 

An increase in the viscosity of an emulsion may attend an increase in 
the specific area of the dispersed phase because of a quasi-viscous effect 
due to electrokinetic influences. The modified Einstein equation in which 
the contribution to the viscosity of the quasi-viscous effect appears, is 
given by Smoluchowski (3) : 


1 

^0 




1 + 2.5 y 



10-4 J.2y 


where D = the dielectric* constant, 

R = the specific resistance in c.g.s. units, 
f = the zeta potential in volts, 
a = the radius of globule in centimeters, and 
rj and 7?o = the viscosities in poises of the suspension and of the continuous 
medium, respectively. 

In suspensions containing very small quantities of salt, the specific 
resistance is sufficiently low to render the quasi-viscous effect negligible. 
Thus, in the case of milk, the factor 2.5 appearing in equation 3 is multi- 
plied by 1 + 0.0005f‘*^ when the approximate values 60 for Z>, 2 X 10“^® 
C.G.S. units for /i, 2 X 10 ^ cni. for a, and 0.01 i)oises for t?o are inserted in 
the eciuation. Conseciuently, unless the zeta potential of the fat globules 
is inordinately high, the quasi-viscous effect and the influence on viscosity 
of the factors contributing to the effect, particularly the degree of disper- 
sion of the suspended material, may be neglected. 

It is reasonable to conclude from the results presented in table 2 and 
from the discussion pertaining to these results, that the viscosity of a 
suspension is independent of particle size, and that any deviation from this 
relationship may be attributed to the amplification of the volume of the 
suspended material by means of the suspending medium. 

In view of the general applicability of equation 2 to emulsions varying 
both in the degree of dispersion of the fat phase, and in the composition 
of the continuous medium, and in view of its reducibility for low concen- 
trations of fat to Taylor^s theoretical equation, it seems reasonable to 
assume its applicability not only at the temperature employed in the 
measurements herein recorded, but at all temperatures, and not only to 
the suspensions under consideration but to all suspensions of spherical 
particles. 

Obviously, however, these conclusions cannot be construed to apply 
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without further investigation to emulsions exhibiting marked plastic or 
elastic properties. 

In view of the results obtained, the increase in viscosity usually attend- 
ing the homogenization of cream and ice cream mixes may now be attrib- 
uted solely to clustering and, consequently, this increase may serve as a 
basis for the evaluation of an appropriate index of the extent of clumping. 
Sharp and Troy (6) have shown that the variation of the rate of rise of fat 
clusters of indefinite shape in milk, with variations in the mean diameter 
of the cross-section of these clusters, obeys reasonably well Stokes^ law 
governing the relationship existing between the rate of rise of spherical 
particles and their diameters. If, accordingly, the fat clusters in cream 
and ice cream mixes may be considered to behave as aggregates spherical 
in shape, then equation 2 may be applied to such mixes provided that the 
significance of V, the volume of fat per unit volume of mix, is extended to 
include, in addition to the fat volume, the apparent volume of the continu- 
ous medium included in the interstices of the fat clusters per unit volume 
of mix. The evaluation of this volume of continuous medium with the aid 
of equation 2 necessitates two viscosity measurements — one on the mix 
under consideration and the other on the continuous medium. The dif- 
ference between the measured and calculated values of F, divided by the 
measured value of V, gives the apparent volume of continuous medium 
associated with the fat clusters per unit volume of dispersed fat; and this 
quantity may appropriately be designated as a clumping index. 

SUMMARY 

The viscosity of emulsions containing milk fat does not vary within 
the limits of experimental error with variations in the degree of dispersion 
of the fat phase, provided that in these emulsions the actual volume of the 
fat phase is not measurably amplified by the association with the fat phase 
of a portion of the continuous medium. 

An empirical equation expressing the relationship between the viscosity 
and the fat content of these emulsions has been obtained. For low con- 
centrations of fat, this equation reduces to that derived by Taylor on the 
basis of theoretical hydrodynamics, regardless of the composition of the 
continuous medium, that is, of the medium in which the fat is suspended. 

The difference between the hydrodynamical volume of fat, calculated 
from viscosity data, and the actual volume provides a basis for the calcula- 
tions of a clumping index applicable to cream and ice cream mixes. 
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Barium and lead nitrates were selected for study because they are iso- 
morphous and because x-ray evidence indicates the possibility that the 
three sets of most commonly appearing faces are populated by alternating 
planes of M++ ions in one plane and (NOs)^ ions in the next. Thus the 
effect of various dyes on two crystals differing only in the size of their 
unit cells can be compared. Furthermore, if three different sets of faces 
exist populated by planes of ions of like charge, one would predict, on the 
basis of the theory of adsorption and habit modification developed in the 
previous investigations of this series (1), that certain faces would adsorb 
given dyes and other faces different dyes, depending in part on the dis- 
tribution of polar groups in the dye molecule and on the ionic spacing of 
the faces. It was also thought that the data obtained from these adsorp- 
tion studies might be of value in determining which of the two forms, 
pyrite or distorted calcium fluoride, is the more closely approximated in 
these salts. 


EXPERIMENTAL 

The lead nitrate and barium nitrate salts were purified by recrystallizing 
the c.p. material twice from water solution. The solutions in which the 
crystals were grown were prepared by adding the required volumes of 
solutions of the foreign materials to the warm saturated salt solutions. 
The solutions were cooled to room temperature, and the small amount of 
salt which often crystallized out on cooling was filtered off. Small regular 
seed crystals were mounted on copper or nichrome wires by means of a tiny 
spot of sealing wax. The wires were suspended from notched corks fitted 
into vials containing the various saturated solutions, and the crystals 
allowed to grow undisturbed for periods ranging from two or three days 

^ Presented in part before the Division of Colloid Chemistry at the Eighty-eighth 
Meeting of the American Chemical Society, held in Cleveland, Ohio, September, 
1934 . 
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TABLE 1 


Influence of organic compounds on the crystal habit of barium and lead nitrates 


FOBBIQN SUBSTANCB 

COKCBNTRA* 
TION IN 
GRAMB PBR 

CC 

DESCRIPTION OP CRYSTAL 

Ba(NO»)> 

Pb(NO.)« 

Picric acid 

0.0005 


Illy traces 210— pale 




yellow 

Picric acid 

0.001 

llly\ traces 100 — yellow 

BIO * — yellow 

p-Nitrophenol 

0 001 

Illy traces 100 and 210 

Illy two 100 faces 

p-Aminophenol 

0.001 

Insoluble 

111 

p-Nitroaniline 

0.001 

Illy also 100, traces 210 

Illy also 100, traces 210 

Benzamide 

0.001 

Illy also 100, traces 210 

Illy also 100, traces 210 

Acetanilide 

0.001 

ill, also 100 

111, traces 100 

Hydroquinone — 

0 001 

in, also 100 

111, also 100 and 210 

Dye No. 4 

0 00025 

210y — violet 

eiO,* also 100 

Dye No. 4 

0 001 

210,— violet 

210,* chocolate 

Dye No. 5 

0 00025 

111 and 210 


Dye No. 5 

0 001 


111* and 100“' pale pink 

Dye No. 6 

0 00025 

210, — pale pink 


Dye No. 6 

0 001 


111* and 210 — pale pink 

Dye No. 7 

0 001 

Illy — traces 100 

111* — pink 

Dye No. 8 

0 001 

Illy — traces 100 — yel- 

111* —tinted 



lowish 


Dye No. 9 

0 001 

1/1,— also 100 

Insoluble* 

Dyea No. 10-No. 15 . 

0 001 

Illy — traces 100 

111,* tinted in some 




cases 

Dye No. 16 

0 001 

Illy and 210, pale green 

111,* bluish 

Dyes No. 17-No. 18 

0 001 

Illy traces 100 

Illy* tinted 

Anthraquinone green . 

0 001 

Illy traces 100- green 

Insoluble* 

Bismarck brown — 

0 0005 


111, also 100 — tan 

Bismarck brown — 

0 001 

Illy traces 100, tan 

Illy — brown 

Methylene blue 

0 001 

111 and 100 — blue on 100 

100 — blue 

Congo red 

Insoluble 



Diamine sky blue . . 

0 0005 

Irregular 111, 100, 210— 




bluish 


Diamine sky blue 

0 002 


/n*' “ light blue 

Oxamine blue 

0 002 

210, traces 100, Ill- 

I/I*— blue 



green 


f Methylene blue .. .. 

0 00002 1 


,?/(?* -violet 

\Dye No. 4 

0 001 / 



f Methylene blue 

0 0001 1 

210 and 111 

Illy also 100 

\Dye No. 4 

0 0005 j 

^Xv/ CvaIva XXX 

1 111 edges and 100 faces 




blue 

r Methylene blue 

0 0005 1 


100 — purplish blue 

\Dye No. 4 

0 0005 / 


clump 


* Results of Starr: Master’s thesis, Ohio State University, 1933. 
t Italicized faces are predominant ones. 




in the case of the lead nitrate to nearly a week in the case of the less soluble 
barium nitrate. 

Table 1 gives the substance present as impurity, its concentration, and 
the type of crystal formed by both lead nitrate and barium nitrate. The 
formulas for the series of dyes designated by number have previously been 
published (Id). 

DISCUSSION OF RESULTS 

Crystal structure 

Considerable doubt still exists concerning the crystal structure of the 
isomorphous nitrates of barium and lead. Certain crystallographic evi- 
dence (2) leads to the assignment of an isometric tetrahedral {T^) sym- 
metry. On the other hand certain other facts, including evidence from 
x-ray studies (4, 5), indicate a pyritohedral (Tj) symmetry. Assuming Tj 
as correct, an early estimation of the parameters of barium nitrate led to 
the conclusion that the structure is a distorted calcium fluoride grouping, 
while a later determination of parameters based on powder photographs 
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indicates a pyrite (FeS 2 ) arrangement. Wyckoff (5) states that, ‘‘Since 
the positions developed from powder data do not give planar nitrate groups 
or interatomic distances that agree with those in NaNOs, additional experi- 
ments are to be desired.” 

If the structure is a pyrite arrangement (which may be most simply 
considered as a sodium chloride grouping of iron and pairs of sulfur atoms), 
it is easily seen that the 111 faces have alternating planes of M++ in one 
plane and (NOs)" in the next, and that the 110 and 210 faces both possess 
a checkerboard arrangement of the above ions but have different interionic 
distances. If, on the other hand, the structure is a distorted calcium fluo- 
ride grouping, the 110 face has alternating rows of positive and negative 
ions, while the 111, 100, and 210 faces all consist of alternating planes of 
and (N 03 )“ with varying interionic distances. 

While neither structure can explain perfectly the habit assumed by 
crystals of lead and of barium nitrates grown either from pure solution or 
from solutions containing foreign material, the evidence obtained in this 
study shows that the distorted calcium fluoride grouping comes much 
nearer to fitting the experimental results. 

Pure crystals of both lead nitrate and barium nitrate show 111 planes 
predominating, usually accompanied by very small 100 planes and some- 
times by other forms, especially the 210. The results of this study show 
that foreign substances may be adsorbed on the 111, 100, and 210 faces of 
these salts. 

If Spangenberg’s (3) theory is correct, that those faces which are popu- 
lated by like ions grow most rapidly and hence tend to disappear the 
soonest, while faces populated by unlike ions grow more slowly and hence 
become the principal forms, it is seen that a pyrite grouping is immediately 
ruled out. If this structure were the correct one, the 111 faces, populated 
by like ions, would grow most rapidly and tend to disappear, while the 
100 and 210 faces would grow more slowly and become the predominant 
forms. Also, according to the theory of modification of crystal habit by 
foreign substances developed in the earlier investigations of this scries (1), 
impurities should be adsorbed at those faces having the stronger fields of 
force, in this case the 111. Actually, however, dyes have been observed 
to be adsorbed at the 210 and 100 faces as well as at the 111 face. 

If, on the other hand, the distorted calcium fluoride grouping is taken 
as the unit cell, the IflO, 111, and 210 faces, all populated by alternate 
planes of like ions, would have strong electrical fields and hence rapid 
growth rates. But, owing to the different interionic spacings, these faces 
would all have different rates of perpendicular displacement, and therefore 
varying degrees of prominence on the crystal. Also, it is to be expected 
that dye would be adsorbed, if at all, on one or more of these three faces, 
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which Ls what actually occurs. One discrepancy, however, exists, namely, 
the fact that the 110 face, with alternate rows of positive and negative ions 
and hence with a relatively slow growth rate, does not appear on the i)ure 
crystal. This difficulty is no doubt less serious than it at first appears to 
be, since the slight distortion from the true calcium fluoride grouping which 
is known to exist may be sufficient to account for the failure of the 110 face 
to appear. Likewise the apparent lack of agreement between the external 
and internal forms based on crystallographic and x-ray evidence (2) may 
also be due to this distortion of the calcium fluoride grouping. 

Hahii modification 

An examination of table 1 shows that in general the influence of the 
simple organic compounds and also of the dyes used is similar for both lead 
and barium nitrates. This similarity, however, does not hold in all 
cases. For example, dyes No. 5 and No. 16 and oxamine blue favor the 
210 faces of barium nitrate but not of lead nitrate with the concentrations 
used; again, while methylene blue produces similar modifications with 
both salts, a given concentration produces a much greater effect on lead 
nitrate than on barium nitrate. This general but not complete similarity 
in behavior is in accord with the theory of habit modification suggested 
previously (1). It is to be expected from this theory that adsorption 
would occur on corresponding faces of salts having similar structures (since 
these faces would have similar force fields), but that the actual foreign 
substances adsorbed at a given face might not be the same in the two crys- 
tals, owing to their different interionic distances. This is borne out by 
the experimental data. 

It is also interesting to note that in some instances only one set of faces 
adsorbs dye, while in others more than one set is colored. If the distorted 
calcium fluoride structure is accepted as correct, the 111, 100, and 210 
faces are all populated by planes of like ions, so that it might be expected 
that a given dye would be adsorbed on one, two, or even three of these 
faces, depending on whether the nature and position of its polar groups 
were such as to fit the interionic spacings on one, two, or three of the faces. 
Thus if the structure of the foreign molecule were such that it could be 
adsorbed on both the 111 and 210 faces, but slightly more on the 210, then, 
as in the case of picric acid and lead nitrate, a greater retardation of the 
grow^th rate of the 210 than of the 111 faces would be expected, with tlu) 
resulting appearance of both faces colored yellow at low picric acid con- 
centrations and the disappearance of the 111 faces at higher concentrations. 
In the case of methylene blue, which is adsorbed only on the 100 faces of 
lead nitrate, or of Bismarck brown, which colors only the 111 faces, it 
follows that a kind and distribution of polar groups probably exists in 
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these dyes such that the former fits only into the ionic spacing of the 100 
face, and the latter only into that of the 111. 

Mixed dyes 

The influence of a mixture of two dyes on crystal habit provides an 
interesting problem which is worthy of considerably more study. For the 
most part, the mixed dyes used in this study exerted an approximately 
additive effect. In all cases methylene blue was one of the dyes used; the 
second dye was one which favored either the 111 or the 210 faces. Where 
the concentration of methylene blue was very low (0.00002 g. per cubic 
centimeter), the effect of the second dye usually predominated; with a 
higher concentration of methylene blue the effect of this dye masked any 
influence the second dye might have had, or the sets of faces favored by 
each dye appeared. When fairly high concentrations of both dyes were 
used, growth was greatly inhibited. 

In two cases where mixed dyes were used, once with Bismarck brown 
and once with dye No. 4, the effect was not additive. The absence of the 
expected additive results in this case indicates the need for further study. 

Powder photographs 

X-ray powder photographs of the opaque crystals of lead nitrate ob- 
tained from water solution, of the clear crystals formed in a solution con- 
taining a little nitric acid, and of the deep blue crystals colored by methyl- 
ene blue, all indicated that the lattice constants are the same for each of 
the three types of crystals. 


SUMMARY 

1. The habit assumed by crystals of lead nitrate and of barium nitrate 
grown both from pure solutions and from solutions containing foreign 
materials indicates that of the two possible structures — ^pyrite and dis- 
torted calcium fluoride — suggested by x-ray and crystallographic evidence 
for these crystals, the latter is most closely approximated. 

2. The results obtained on the adsorption of foreign material by growing 
crystals of lead and barium nitrates furnishes further evidence in favor of 
the theory previously suggested, in the earlier papers of this series of 
investigations, to account for adsorption and habit modification. 

3. The effect on the crystal habit of barium and of lead nitrates of a 
mixture of two dyes, both of which produce a modification when present 
alone, is generally, but not always, approximately an additive one. 
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I. THE DETERMINATION OF TRANSITION POINTS BY MEANS OF THE DIPPING 

REFRACTOMETER 

The determination of onantiotrofnc transition points is generally based 
on one of two methods: first, the study of properties which are different 
for each crystalline form, as specific heat, specific volume, specific resist- 
ance, etc.; second, the study of properties which become identical at the 
transition point, such as solubility, electrode potential, properties of satu- 
rated solutions, etc. Tammann (26) barely mentions the second method 
because of the difficulties involved in determinations of this nature. How- 
ever, when the differences in the physical properties of the two forms are 
very small and the change from one form to the other occurs slowly, the 
second group of methods is the more accurate, provided chemically and 
physically pure enantiomorphs can be prepared. The specific properties 
can be determined over definite ranges of temperature on both sides of 
the transition point, so that little or no extrapolation is necessary. The 
solubility method is an excellent one in such cases, but it is time-consuming 
and difficult. Dunstan and Langton (7) tried to avoid these difficulties 
by plotting the viscosities of saturated solutions against temperatures. 
However, there are many possibilities for error in the procedure and their 
results were not higlily accurate. Cohen (5) has determined the conduc- 
ti\’ities of saturated solutions on both sides of the transition point. This 
method is very accurate, but it involves the transfer of a saturated solution 
to a conductivity cell, or else the use of a cell in which the solution can 
be stirred. 

We propose the following method, which is free from the difficulties 
found in other procedures. The refractive indices of the saturated solu- 
tions of the two enantiomorphs are determined over the required tempera- 

^ This article is based upon part of a thesis submitted by H. E. Phipps to the 
Faculty of the Graduate School of the University of Illinois in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy, May, 1931, and was 
presented at the Eighty-first Meeting of the American Chemical Society, held in 
Indianapolis, April, 1931. 

® Present address: Department of Physical Science, Eastern Illinois State 
Teachers^ College, Charleston, Illinois. 
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ture range by means of a dipping refractometer. The data are then plotted 
or treated mathematically, and the point of intersection of the two curves 
determined. This method is superior to the ordinary solubility method 
because (1) the readings may be taken at any temperature within the range 
of the instrument in less than one minute, (2) any slight change in con- 
centration is easily and quickly detected, (3) readings are taken while the 
liquid is in intimate contact with the suspended solid, and (4) after the 
apparatus is set up and the determination started, no experimental manipu- 
lations are necessary other than reading the scale of the refractometer and 
the temperature-recording device. The method is limited to the tempera- 



ture range of the instrument and to solutions which transmit the sodium 
line. Other types of refractometers might be used to overcome these 
difficulties. 


APPARATUS AND PROCEDURE 

The apparatus is shown diagraminatically in figure 1. A is a Bausch 
and Lomb dipping refractometer equipped with interchangeable prisms. 
The dipping prism is inserted through a cork which is fitted into the top 
of a 125-cc. beaker. The thermometer B was graduated to 0.05®C. and 
had been calibrated by the United States Bureau of Standards. C is a 
small centrifugal stirrer operated by means of a jet of air. The tube D is 
added to the apparatus to simplify addition of the solid or removal of 
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solution from the beaker while a determination is in progress. The beaker 
and contents were placed in a thermostat which could be regulated to 
O.Ol^C. of the desired temperature. The water level in the thermostat is 
shown by the line E. The light was supplied by a Mazda bulb H and was 
reflected by the mirror G. The ground glass F was placed so as to give 
the maximum sharpness to the division line in the refractometer eye-piece. 
I was a shield to stop extraneous light from reaching the eye of the observer. 

Temperature and refractive index measurements were made simul- 
taneously, and in order to be certain that the solution was saturated and 
that the material was not changing from one physical modification to an- 
other, repeated readings were taken at the same temperature. Any change 
taking place in the solution could be followed easily by the refractive index 
measurements. When the readings of temperature and refractive index 
remained constant for an interval of 30 minutes, it was assumed that 
equilibrium had been established. In some cases as much as twenty-four 
hours were necessary for constant readings to be obtained. In order to 
be doubly certain that the solution was saturated, the final temperature 
was approached from both directions. 

Determination of the transition temperatures of sodium sulfate and sodium 
carbonate as a check on the method 

The method was checked experimentally by determining the transition 
temperature of the hydrates of sodium sulfate. Ric^hards and his cowork- 
ers (24), and Dickinson and Mueller (6) had previously determined the 
temperature of the transition Na 2 S 04 -101120 Na 2 S 04 + IOH 2 O to be 
32.383®C. and 32.384°C., respectively, the latter value being more gener- 
ally accepted. 

The starting material was c.p. sodium sulfate. It was recrystallized 
four times, completely dissolved, filtered, and recrystallized again. The 
mother licjuor was drained off and the crystals placed on a suction filter 
and washed with a little cold water. When nearly dry, they were crushed 
in a mortar and stored in a tightly stoppered bottle until wanted. During 
the actual determination, enough crystals were always present to cause a 
slight turbidity in the solution. Four scries of determinations were made 
with sodium sulfate, representative results of which arc graphically shown 
in figure 2. Each scale reading recorded is the average of three or more 
separate readings. The readings very rarely differed from the moan by 
more than 0.01 scale division. The thermometer readings were corrected 
for emergent stem and calibration errors. 

The transition point was found to be 32.36°C. in every case. Using the 
hydrated salt, the saturation point was quickly reached with cither rising 
or falling temperatures, and the results were easily reproduced. This was 
not the case with the anhydrous material. It was necessary to stir the 
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solution for a considerable period of time in order to obtain equilibrium 
conditions with falling temperature. 

Since the transition point was found to be 0.02°C. lower than the 
accepted value, the transition temperature was determined by the method 
recommended by Dickinson and Mueller (6), in which the crushed deca- 
hydrate was placed in a tube in cold water until recrystallization com- 
menced. The tube was then jacketed and placed in a thermostat. The 
value obtained by this method was identical with the first, viz., 32.36®C. 
This probably means that the thermometer reads 0.02®C. low at this 
temperature. Since it was calibrated to 0.06®C., this difference is not 
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Fig. 2. Transition point of sodium sulfate 


outside the limits of experimental error, especially since there was no ice 
point marked upon it. 

A second check on the dipping refractometer method for determining 
transition points was made by checking the two following well-known 
points: NajCOj lOHgO ^ NajCOs-THjO -|- 3 H 2 O, and NasCOa-THsO ^ 
Na*C08-H20 6H20. Using highly purified material, Richards and 

Fiske (23) found the transition temperature of the first to be 32.017°C. 
Other determinations were as follows: 31.8®C. by Epple (8), 31.85'’C. by 
Ketner (17), 32.00°C. by Wells and McAdam (29), and 31.85‘’C. by Us- 
sanovich (27). Wells and McAdam seem to be the only ones who have 
determined the heptahydrate-monohydrate transition with great care. 
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obtaining 35.37®C'. as the best value. Epple gave the temperature as 
35.1°C., while Richards and Churchill recorded it as 35.2°C'. Wells and 
McAdam also determined the temperature of the metastable decahydrate- 
monohydrate transition and found it to be 32.96®C. 

The starting material used in this investigation was a high grade of c.p. 
sodium carbonate. It was purified in the? same manner as the sodium sul- 
fate, except that it was recrystallized ten times instead of five, the final 
rccrystallization being carried out just before the material was used. 
Richards and Fiske found that if the crystals stood for some time before 
they were used, they took up carbon dioxide from the air and were partially 
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Fig. 3. Transition point of sodium carbonate 


converted to the bicarbonate. They carried out their final recrystalliza- 
tion in platinum dishes, in order to avoid contamination by silica from the 
glassware. Since this raised the transition point only a few thousandths 
of a degree, and since Pyrex dishes were used tliroughout the present work, 
this was thought unnecessary. 

Two determinations of the transition points of sodium carbonate were 
made. No difficulty was found in obtaining perfect checks at the various 
temperatures, as in the case of the anhydrous sodium sulfate. Equilib- 
rium was quickly established with either rising or falling temperatures. 
The results are shown in figure 3. From these data, the decahydrate- 
heptahydrate transition temperature was found to be 32.02°C., the hepta- 
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hydrate-monohydrate temperature was 35.34®C., and, by extrapolation, 
the metastable decahydrate-monohydrate temperature was 33.1®C. The 
limits of error were of the order of 0.02®, 0.02®, and 0.1®C., respectively. 
These results show that this method can be used to determine transition 
points with considerable accuracy. 

II. THB CBYBTALIilNB BOBM OB AMMONIUM NITRATB III 

During the course of some unpublished work on the transition tempera- 
ture of ammonium nitrate III ammonium nitrate IV (also designated 
as y and /3), it was found that there was no general agreement in the 
various references in chemical literature as to whether ammonium ni- 
trate III is orthorhombic or monoclinic. 

Ammonium nitrate was first reported to be dimorphic by Frankenheim 
(10) in 1864. Later, Lehmann (19) showed that there are five distinct forms 
stable at atmospheric pressure, and Bridgman (2) has found a sixth form 
stable only at high pressures. In reporting his work, Frankenheim placed 
the form stable at room temperature (NH 4 NO* IV) in the rhombic system, 
but was imdecided as to what system NHiNOs III belonged to. Marignac 
(20), von Lang (30), and others have studied the crystalline properties of 
ammonium nitrate, but seem to have worked with form IV exclusively. 
Lehmann placed both forms in the rhombic system, and reported that IV has 
a higher birefringence than III. He designated them as a-rhombic and 
i3-rhombic, respectively. In 1905 Wallerant (28) reported the crystals 
to be “monocliniques quasiquadratiques.” He stated that if Lehmann 
had examined form III with oblique polarized light, he would have found 
that it belonged to the monoclinic rather than the rhombic S 3 ^tem. How- 
ever, Wallerant worked with the solidified melts of modification III which 
had been stabilized by the addition of potassium nitrate. Caillart (3) 
studied the solubility curves for mixtures of ammonium and potassium 
nitrates, and found that crystals separating from different compositions 
have different crystal structures, as follows: crystals containing less than 
17.2 mole per cent of ammonium nitrate show the regular rhombic structure 
of potassium nitrate; crystals containing 65 to 94.5 mole per cent of ammo- 
nium nitrate are monoclinic (cf. Wallerant’s crystals); and crystals con- 
taining 98 to 100 mole per cent ammonium nitrate are rhombic (modifica- 
tion IV). As Janecke (14) has pointed out, Wallerant was probably 
working with a solid solution of potassium nitrate in ammonium nitrate. 
It is also possible that equilibrium had not been established in the crystals 
on the microscope slide. In this way it is easy to explain how he may have 
assigned the crs^stals to the wrong system. Florke (9) referred to both 
forms as belonging to the rhombic system. Bowen (1) reported that 
modification III was monoclinic or orthorhombic with a moderately hi gh 
birefringence, but not as high as that of form IV. Since the completion 
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of our work (1931), Hendricks, Posnjak, and Kracok (12), from an x-ray 
examination, hav(^ conu' to the conclusion that form III is probably or- 
thorhombic. 


Expcrhmnial 

Th(' ammonium nitrate used m this work was of c.p. grade', ri*crystalliz('d 
three time's. 

The first expe'riiiK'iits were made' with e*rystals which had beem mc'lte'el 
and allowed te) e*e)ol sle)wly em the stage' e)f a petre)grapliic niie*re)se'e)pe. The' 
three transitions we're ne)t always e)bse'rve'el with this pure material; se)me'- 
time's e)nly twe) we're^ founel. On the either hand, if crystals which hael ne)t 
l)('en re'crystallize'd wt're useni, thre'e' transitions were always found, e'ithe'r 
on he'atirig e)r cexding. The' failure' te) find the transition was 

at first the)ugiit to be due te) the supe'rcooling of modification ill, a 
behavie)r ne)t uncommejn in very pure substances. \cry careful examina- 
tie)n she)we'el that fe)rm III was entire'ly abse'ut, and that the transitie)n 
])re)gTe'sse'd in the e)rele'r I— ^ll— ♦H' e)n coe)ling, anei IV— >11— on he'ating. 
This is in agre'e'ine'iil with the we)rk e)f Be)wen, who fe)und that a metastable 
re‘gie)n betwe'e'ii II and 1\' ofte'ii devele)ps upe)n (Mjoling a melt of pure salt. 
He alse) lounel that, in some' ways, the II— >I\' transitie)n is nmre easily 
reve'rse'el than with the' more' stable* lorms. He)we've'r, if modification III 
was fe)rme'd at any time*, the elhve't transitie)n II— >I\’ e*ould not be observed 
unle'ss the mate*rial was nu'lte'd e)r e'lse e*e)mi)lete'ly converted to meidifica- 
tion I. The' eliffe‘rene*e' lie'twee'ii fe)rms III and IV is she)wn in the micro- 
phote)graph (figure* 4). The })e‘rfe'ct crystals of fe)rm III eibtained from 
me'lts were* always rhe)ml)ie*. He)we'ver, sine*e this is ne)t the best procedure* 
for de'termining a crystal systeun (vide Ohame)t anel Mason (4)), a scce)nd 
serie's e)f e'xpe'rime'uts wius unde'rtaken. 

An electrically he'ate'd hot stage was devised, and adjusted to 37°C. by 
me'ans e)f a therme)stat. A droj) e)f a he)t e'e)nce*ntrate'd se)lution of amme)- 
nium nitrate* was i)lae*ed on the*, slide, covered with a cover glass, and 
allowed te) crystallize slowly. When equilibrium between the crystals 
and the me)the'r li(iue)r was reaclu'd, a coating e)f e*e)lloelion was plat'ed arounel 
the edge e)f the cove’r glass te) prevemt cree'ping and e'vape)ration. This hael 
ne) dedrime'iital c'ffect, anel made a more* ledsurely anel thorough examinatie)n 
pe)ssible. At least- two hundred e*ryslals were* examined in this way. 
Many were so e)riented as te> give a ge)e)d biaxial interfe'rence figure witli 
convergent ])olarize*el light. All the crystals examine'el showe'd paralle'l 
extinctie)!!, and were le)ng ne'cdlc'S or diamond-shapexl [)late's. If the tem- 
jx'rature was allowed te) fall below 32°C. and remain there* for a few hours, 
tlu'se nee'dles and jilates changc'd in ap])earan(*e, anel showed the presence* 
e)f many smaller e*rystals whiedi also bele)nge'd te) the* rhe)nibic system, but 
were more highly bire'fringe'iit. If the temi))erature' was raiseel to 37°C^., 
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the change took place in the opposite direction. The large crystals again 
appeared perfectly homogeneous, only occasionally showing cleavage 
cracks or crystal boundaries where there were none before. 

Since it was possible that the crystals examined might have been so 
oriented that only two crystallograj)hic ax('s were examined for the extim*- 




Fig. 4. Microphotographs of ammonium nitrate III and IV. a, ammonium 
nitrate III; b, ammonium nitrate IV; c, ammonium nitrate IV (black) growing at 
the expense of ammonium nitrate III (light). 

tion angle (vide Johannsen (15)), some large well-formed crystals were* 
grown at 37®C, These were oriented so that the different crystallographic 
axes were parallel and perj^endicular to the optical axis of the microscope. 
Refractive index measurements indicated that the axes of elasticity coin- 
cide with the crystallographic axes. Parallel extinction was found in all 



OBSERVATIONS ON POLYMORPHISM 


97 


cases, SO that there can be no doubt that ammonium nitrate III is or- 
thorhombic. 

III. THE TRANSITION POINT OF CARBON TETRACHLORIDE 

The transition temperature of carbon tetrachloride has been previously 
determined by several investigators. Goldschmidt (11) reported it as 
— 45 5®C., Latimer (18) — 48.5®C., McCullough and Phipps (21) —48.54 
db0.02®C., and Skau and Meier (25) —47.55 ± 0.12®C. Since the last 
value is a degree higher than that previously found by the junior author, 
a redetermination was undertaken to locate the cause of the difference. 
Since this work was completed (1931), Johnston and Long (16) have re- 
ported a value of —47.66 db 0.05°C., and have proposed that it be used as a 
fixed point in thermometry. 

Experimental 

The carbon tetrachloride used in this work was obtained through the 
United States Bureau of Standards from Dr. Timmermans, who gave its 


TABLE 1 
Transition points 


SUBBTANCU 

PHBKOlIXiKON 

HZATINU 

COOLINO 

T1MMSR> 

mans’ 

VALUES 

ecu 

Freezing point 

^C. 

-22 83 ±.01 

•c. 

-22.84 ± 01 

•c 

-22 85 

ecu 

Transition point 

-47.46 

-47 87 


C^HfiCl 

Freezing point 

-45 32 ±.01 

-45 35 ±.01 

-45 35 


freezing point as — 22.85®C. A sample of chlorobenzene with a freezing 
point of — 45.35°C. was obtained from the same source, and served ad- 
mirably as a check on the thermocouple calibration. 

The thermocouple used in this work was made of No. 30 constantan 
and No. 36 copper wire. There were five junctions, each of which was 
placed in a very thin-walled capillary tube, containing a drop of light oil 
to improve the thermal contact. The thermocouple was tested for inhomo- 
geneities by interchanging the ends in steam and ice and in ice and liquid 
air. No differences in the readings were detected under these extreme 
conditions. The couple was calibrated at the steam point, the ice point, 
the freezing point of mercury (— 38.87°C.) (13), and the sublimation point 
of carbon dioxide (78.2®C.). Of these points, the last is the least reliable. 
A carefully calibrated type K potentiometer and type HS galvanometer 
were used to determine the e.m.f. of the thermocouple. 

A 10-g. sample was placed in a specially constructed Dewar tube, so 
arranged that the air content between the walls could be varied. The tube 
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-was placed in a small ciyostat, the temperature of which could be changed 
slowly. Besides the thermocouple, the tube also contained a small stirrer. 

The third and fourth columns of table 1 show the values obtained for 
the freezing points of carbon tetrachloride and chlorobenzene, and for the 
transition point of carbon tetrachloride. Both the heating and cooling 
curves were used in obtaining these values. For comparison, Timmer- 
mans' values me placed in the last column. 

A temperature gradient of 0.1®C. per minute was used. A more rapid 
change (e.g., 0.3®C. per minute) did not change the freezing points, but 
the transition point was not sharp. Evidently the velocity of the reaction 
is not sufficient to maintain a constant temperature. 

In a later run, a slight amount of impurity was accidentally introduced 
into the carbon tetrachloride, resulting in a lowering of the freezing point 
of 0.1®C. and of the transition point of 0.27°C. Timmermans has stated 
that the freezing point of carbon tetrachloride is very sensitive to minute 
traces of impurities. Evidently the transition point is affected to a much 
greater degree. In the determination made by the junior author in 1928, 
the material was not as pure as might be desired, as shown by the fact 
that its freezing point was — 22.95®C., and there was no evidence of super- 
cooling at the transition point. With very pure carbon tetrachloride, 
supercooling of 2 to 3°C. w&s extremely difficult to prevent. The results 
in this earlier work were based entirely upon cooling curves, and the rate 
of temperature change was approximately 0.2-0.3®C. per minute. These 
facte explain why the first result was 0.9®C. lower than the present value, 
which is in practical agreement with that of Johnston and Long. 

In their paper on the transition point of carbon tetrachloride, Skau and 
Meier (25) make the following statement: “It was found that the heating 
curve value was fairly reproducible, but that the value obtained from cool- 
ing curves varied from —47.67 to —47.99®, depending on the conditions; 
that is, on the degree of supercooling and on the rate of cooling. In such 
cases as this, where one cannot establish equilibrium by stirring, due to the 
fact that the change takes place in the solid state, it is of course to be 
expected that the proper degree of supercooling before the transition takes 
place is very important. Our best curves for this point were obtained with 
a supercooling of 3 to 4®, the rate of cooling being about 0.3® per minute.” 

These authors cited Nemst’s discussion of the danger of supercooling too 
little or too much in cryosoopic determinations in dilute solutions (22). 
On the other hand, the conditions prevailing in dilute solutions may be 
vastly different from those prevailing in the enantiotropic transition of a 
pure substance. Tammann (26) states that supercooling and superheating 
should be avoided as much as possible, because they change the form of 
the curves at the point of halt. This makes the true equilibrium very 
difficult to obtain. Consequently excess supercooling should be avoided. 
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SUMMARY 

1. A new method for determining the transition temperature of soluble 
substances by means of the dipping refractometer has been devised. This 
method is especially useful in cases where the velocity of transition is so 
small that ordinary methods are inaccurate. It is much simpler and faster 
than the solubility method and just as exact. 

2. Examination of ammonium nitrate III by means of a petrographic 
microscope indicates that it is orthorhombic. 

3. The transition point of carbon tetrachloride has been redetermined 
as —47.66 =t 0.2°C. from heating and cooling curve measurements. This 
temperature is affected by impurities nearly three times as much as the 
melting point, and is not recommended as a fixed point in thermometry. 

REFERENCES 

(1) Bowen, N. L.: J. Phys. CJhem. 30, 721, 726 (1926). 

(2) Bridgman, P. W.: Proc. Am. Acad. Arts Sci. 51 , 581 (1916). 

(3) Caillart, M.: Bull. soc. frang. mineral. 41, 21 (1918). 

(4) Chamot, E. M., and Mason, C. W.: Handbook of Chemical Microscopy, Vol. I, 

pp. 354-6. John Wiley and Sons, New York (1930). 

(5) Cohen, Ernst: Z. physik. Chem. 31, 164 (1899). 

(6) Dickinson, H. C., and Mueller, E. F.: Bur. Standards Bull. 3, 641 (1907). 

(7) Dunstan, a. E., and Langton, Harold: J. Chem. Soc. 101 , 418 (1912). 

(8) Epple: Inaugural dissertation, Heidelberg, 1899. 

(9) FlOrke, W.: Z. physik. chem. Unterricht 40, 71 (1927). 

(10) Frankenheim: Pogg. Ann. 93, 14 (1854). 

(11) Goldschmidt, V. M.: Z. Krist, 51 , 26 (1913). 

(12) Hendricks, S. B., Posn.iak, E., and Kracek, F. C. : J. Am. Chem. Soc. 54 , 2766 

(1932). 

(13) International Critical Tables, Vol. I, pp. 54-8. McGraw-Hill Book Co., New 

York (1926). 

(14) Janecke, E.: Z. angew. Chem. 41 , 916 (1928). 

(15) JoHANNBEN, ALBERT*. Manual of Petrographic Methods, 1st edition, pp. 12^. 

McGraw-Hill Book Co., New York (1908). 

(16) Johnston, H. L., and Long, E. A.: J. Am. Chem. Soc. 56, 31 (1934). 

(17) Ketner, C. H.: Z. physik. Chem. 39, 642 (1902). 

(18) Latimer, W. M.: J. Am. Chem. Soc. 44 , 90 (1922). 

(19) Lehmann, O.: Z. Krist. 1, 97 (1877); Molekularphysik, pp. 153-61. Engel- 

mann, Leipzig (1888). 

(20) Marignac: Ann. mines [5] 12 , 22 (1857). 

(21) McCullough, J. C., and Phipps, H. E.: J. Am. Chem. Soc. 50, 2213 (1928). 

(22) Nernst, W., and Abegq, R.: Z. physik. Chem. 15,681 (1894). 

(23) Richards, T. W., and Fibre, A. H.: J. Am. Chem. Soc. 36 , 485 (1914). 

(24) Richards, T. W., and coworkers: Am. Acad. Arts Sci. 34 , 277 (1898-99); 38 , 

429 (1902); Am. J. Sci. [4] 6 , 201 (1898); Z. physik. Chem. 26 , 690 (1898); 
28 , 315 (1899); 43 , 471 (1903). 

(25) Skau, E. L., and Meier, H, F.: J. Am. Chem. Soc. 51, 3517 (1929). 

(26) Tammann, Gustav: The States of Aggregation, pp. 123-7, D. Van Nostrand 

Co., New York (1925). 



100 


H. B. FHIPPS AKD 3. H. IIB3SBT 


(27) TTssANoncH, M. : Z. physik. Chem. lift. 130 (1926). 

(2S) WA 1 .UIBANT: Bull. 800 . fruiQ. mineral. 98 , 811 (1906); 89 , 162 (1616); Compt. 
rend. 148 , 217 (1906). 

(29) WsLLB, B. C., Axn McAoah, D. J.: J. Am. Chem. Soo. 89 , 721 (1907). 

(30) roK Lano: Sitzber. Akad. Wiss. Wkn Math, naturw. Klasse 31 , 101 (1868). 



ADSORPTION ON CHROMITE CATALYSTS 

J. C. W. FRAZER AND C. G. ALBERT^ 

Department of Chemistry , The Johns Hopkins University, Baltimore, Maryland 

Received May 2, 1936 

The close relation between the adsorption of gases by solids and contact 
catalysis is quite generally accepted, and has been much discussed in the 
literature. In this laboratory the chromites have been thoroughly studied 
as catalysts for the oxidation of carbon monoxide by Lory (5) and later 
by Lockwood (4). This suggested that a detailed study of the adsorption 
by chromite catalysts of carbon monoxide and oxygen, paying particular 
attention to the so-called ^ ^activated adsorption, would not be without 
interest and value in shedding more light on the question of the relation 
between adsorption and catalytic activity. 

If adsorption does play a major part in contact catalysis, it is certainly 
this high-temperature variety, with its ^‘energy of activation, which must 
be considered. For, as Gamer pointed out (3), when Taylor (7) described 
the phenomenon in 1931, he suggested the term ^^activated adsorption'^ 
merely to indicate that the process taking place was one which involved a 
temperature coefficient, although the fact that it occurs at the tempera- 
tures at which the surface under consideration is catalytically active might 
be constmed as indicating that the term might equally well have been 
used to mean that the adsorbed molecules are in some active state. 

Since the surface of the chromite catalyst under consideration is cata- 
lytically active for the combination of carbon monoxide and oxygen at 
temperatures of 10(I-200®C., its adsorption of both of these gases was 
studied over this range in temperature, noting particularly the rate at 
which the adsorption process takes place. The purpose of the investiga- 
tion was to measure the extent to which the adsorption takes place, and 
also to obtain sufficient data on its rate to permit the calculation of the 
energy of activation associated with the process in each case. 

APPARATUS 

The apparatus used in making these measurements was essentially the 
same as that described by McKinney (6) and used also by Taylor and 

1 From a dissertation submitted to the Faculty of the Graduate School of the 
Johns Hopkins University in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy June, 1935. 
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Strother (8). Like McKinney’s apparatus, it was so designed as to permit 
the measurement of adsorption at constant pressure, with its rate, and also 
to measure the adsorption at constant volume in order to plot the iso* 
thermals. 

The gas buret used in these measurements was graduated in hundredths 
of a cubic centimeter, and the distance between these graduations was 
over a millimeter, — ^large enough so that fractions of a division could be 
estimated with considerable accuracy. The buret was surrounded by a 
water jacket through which a constant stream of small bubbles of air was 
kept flowing in order to insure uniformity of temperature along the length 
of the buret. A thennometer, graduated in fifths of a degree, was sus- 
pended in the water jacket, and the temperature was recorded each time 
a reading was made. 


THE CATALYST 

The sample of copper chromite used in the adsorption measurements 
was th« Copper Chromite No. 1 prepared and tested for its efficiency by 
Lockwood (4). At the conclusion of the adsorption measurements, the 


TABLE 1 

Efficiency of copper chromite No, 1 after the adsorption measurements 


TBMPBBATCriUD 

CONYJDBSION 

•c. 

pertfenf 

139 

40 

166 

85 

181 

100 


catalyst was again tested, using the same apparatus used by Lockwood. 
The results obtained were, within a reasonable experimental error, the 
same as those of Lockwood, which are summarized in table 1. 

MATERIALS 

The gases used in the adsorption measurements were very carefully 
purified before being placed in their storage bulbs. Each gas was passed 
through its purification train for at least an hour, in order to sweep out the 
air, before being admitted to the system. 

EXPERIMENTAL RESULTS 
Adsorption of oxygen at constant pressure 

The adsoiption of oxygen at a pressure of 350 mm. Hg was studied at 
temperatures covering the range over which the activity of copper chromite 
as a catalyst for the air oxidation of carbon monoxide varies from prac- 
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tically no activity at all to 100 per cent conversion of carbon monoxide 
to carbon dioxide. 

In order to make the results at different temperatures comparable, the 
catalyst was heated, before each run, to 300°C. under 400 mm. Hg of 



100 200 300 

TIME IN MINUTES 


Fio. 1. Adsorption of carbon monoxide and oxygen on copper chromite at 350 mm. 

of mercury 

carbon monoxide, and then thoroughly evacuated. Lory (5) states that 
any surface chromate formed is reduced by carbon monoxide at 100°C. 
The treatment given the catalyst, then, should surely prevent any chromate 
formed during the previous run from interfering with the results. All of 
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the runs were checked sev^al times, and the curves obtained could be 
duplicated within about 2 per cent. The data on the adsorption of oxygen 
are represented graphically in figure 1. 

It is evident from the figure that the adsorption of oxygen at these tem- 
peratures exhibits the one chief characteristic of activated adsorption to 
which Taylor called attention, — a rate which, over the temperature range 
studied, shows a marked increase with increasing temperature. In this 

TABLE 2 

Activation energies of adsorption of oxygen on copper chromite 


4DBOBBBD 

100-125’C. 

lOO-lWC. 

12fr-lWC. 

1M-175*C. 

1«0-200®C. 

175-a00*C. 

0.00600 

15.43 






0.00625 

15.78 






0.00750 

17.41 

16 19 

14.79 




0.00875 

17.71 






0.01000 

19.11 

17.50 

16.66 




0.01125 







0.01250 

25.51 

22 62 

18.66 




0.01600 







0.03 




9.59 

9 31 

8 99 

0 04 




9.46 

9.54 

9.63 

0.05 






10.40 

0.06 




11.76 

11.53 

11.28 

0.07 





12 29 

11.41 

0.08 


1 

i 

16 50 

13.79 

1 10.76 

0.09 





17.19 

■m 








0.11 






10.96 

0.12 






11.03 

0.13 






11.61 

0.14 






12.72 

0.15 






15.64 


case, not only the rate, but also the extent to which the adsorption occurs, 
increases greatly with rising temperature. 

If, at two temperatures Ti and Tj, adsorption takes place to the same 
extent in the time intervals ti and tj, the energy of activation to be asso- 
ciated with the adsorption process over that temperature interval may be 
calculated from the equation 



Calculating, with this equation, the energy of activation, E, from the 
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data illustrated in figure 1 on the adsorption of oxygen at constant presssure 
by copper chromite, we obtain the values for E listed in tabic 2. 

The fact that the activation energies for the lower temperature ranges 
come out considerably higher than those at somewhat higher temperatures 
is due to the fact that the calculations at the lower temperatures involve 
a much more nearly saturated surface, since the total amount of adsorption 
which takes place at these temperatures is so much less. At the higher 
temperatures, the energy of activation is rising to similar values as more 
of the gas is adsorbed. 

Adsorption of carbon monoxide at constant pressure 

The adsorption of carbon monoxide on copper chromite at a constant 
pressure of 350 mm. Hg was studied at the same temperatures used in the 
study of the oxygen adsorption. 

A great deal has been written, particularly by Burrage (2), about the 
importance, when comparing the rates of reaction found in different runs, 
of being certain that the surface of the absorbent was in the same condition 
at the start of each run. When each carbon monoxide run was made after 
simply pumi)ing off the gas from the previous run at the temperature at 
which the run had been made, the results obtained could not be checked 
and appeared to be without meaning. Evidently the condition of the 
catalyst surface at the beginning of a run varied considerably, according 
to whether the previous nin had been made at a temperature higher or 
lower than that at which the succeeding run was to be made. 

It was decided to make a set of runs after giving the catalyst a definite 
treatment, the same treatment being used before each run. The catalyst 
was first heated to 275-300°(l for an hour under a definite pressure of car- 
bon monoxide. Then the catalyst was thoroughly degassed, and allowed 
to cool down to the desired temperature. Runs made in this manner 
could be checked to within 2 to 5 per cent. A set of data from such runs 
is shown graphically in figure 1. 

These runs, in which the condition of the catalyst surface should have 
been about the same, indicate that the amount of adsorption is less the 
greater the temperature. Obviously, it is impossible to apply the formula 
used before to the data of figure 1 and to calculate energies of activation. 
It is apparent, however, that the order in which the curves fall is deter- 
mined by the amount of instantaneous adsorption. 

This part of the adsorption has the characteristics of van dcr Waals 
adsorption. Benton (1) stated that in most cases the van der Waals 
adsorption disappeared at about 200°C. above the boiling point of the gas. 
However, he found a type of adsorption which showed the speed char- 
acteristic of the van der Waals adsorption with carbon monoxide on copper 
at 110®C., while the boiling point of carbon monoxide is — 192®C. The 
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van der Waals adsorption in the case of carbon monoxide on copper chro- 
mite appears to be prominent even at a temperature nearly 400®C. above 
the boiling point of the carbon monoxide, as is shown by the 0.11 cc. per 
gram adsorbed instantaneously at 200“C. A brief run was made at 300®C., 
and tile 1-minute reading at this temperature, in cc. per gram, was 0.03, 
the curve starting out similarly to those for oxy^n at the lower tempera- 
tures. This would indicate that finally, 600“C. above the boiling point 
of the cm'bon monoxide, the van der Waals adsorption is disappearing 
from the picture. 

If we take the 1-minute reading for each of the carbon monoxide runs, 
whatever it may be, as zero, and plot the amount adsorbed over and above 
this fixed quantity against time, curves like those in figure 2 are obtained. 



These curves are similar to those for oxygen, and are suitable for the cal- 
culation of energies of activation. 

Since the amounts adsorbed used in plotting the original adsorption 
versus time curves of figure 1 are obtained by subtracting one experimental 
value from another nearly the same size, the percentage error in the reading 
is greatly multiplied by the time the adsorption curves are obtained. The 
final curves, those of figure 2, are obtained by repeating the process of sub- 
tracting one value from another very nearly the same size. Thus the 
original numbers (the volumes read on the gas buret) have now shrunk to 
new values numerically only about one-fiftieth of the size of the original 
ones, and it is to be expected that as a consequence of this the percentage 
errors will have grown to large proportions. 

Nevertheless, it is possible to take these last curves of figure 2 and to 
calculate from them fairly consistent energies of activation, although the 
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agreement is quite naturally not nearly as good as in the case of the 
adsorption of oxygen at constant pressure. Some of the calculations of 
energies of activation are summarized in table 3. 

The rapidity with which a considerable amount of carbon monoxide is 
adsorbed on the chromite suggested that perhaps something approximating 
a monomolecular layer is formed at once, and that the “activated” adsorp- 
tion consists of building up a thicker layer. 


TABLE 3 

Energies of activation: carbon monoxide on copper chromite 


AlfOUNT ADSORBED 

E (in ko-cal.) 

125-160®C 

125-200®C 

150-200‘’C. 

0.0100 

8.17 



0.0125 

7.92 



0.0150 

9 34 



0.0175 

10 11 



0.0200 

11 06 

8 61 

7.16 

0.0225 

11 29 

8 64 

7.07 

0.0250 

11.74 

8 45 

6.49 

0.0275 

11.38 

8.42 

6 67 

0.0300 

10 42 

8 28 

7.01 

0,0325 

9 70 

7 83 

6 71 


TABLE 4 


Carbon monoxide adsorption in the first minute 


TBKPBBATURB 

ADSORPTION 

•c. 

atoms vtr gram 

100 

5.54 X 10»» 

125 

5.26 X 10i« 

150 

4 75 X 1018 

175 

4.16 X 1018 

200 

2.76 X 1018 


Lory (5) studied the amount of chromate that could be leached off sam- 
ples of various chromites with water, after the chromites had been heated 
in the air to form a surface layer of the chromate. From the data which 
he obtained in this manner, he calculated the number of chromium atoms 
on the surface of the catalyst. For copper chromite he obtained the value 
4.11 X 10*® atoms of chromium on the surface for each gram of the catalyst. 

The sample of copper chromite used in these measurements was prepared 
by following Lory’s method to the smallest detail, and may be assumed to 
have approximately the same number of surface chromium atoms. If we 
assume that the adsorption takes place on the chromium atoms, then a 
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mGQomolecular layer must be considered as one molecule of carbon mon- 
oxide to each surface chromium atom, or about 4.11 X 10^‘ atoms per 
gram. The observed amounts of carbon monoxide adsorption in the first 
minute, converted from cubic centimeters per gram to atoms per gram 
are given in table 4. Obviously, the amount of tins rapid adsorption is, 
at the temperatures studied, of the same order of magnitude as that re- 
quired to form a monomolecular layer on the surface of the catal 3 rst. 



100 200 300 W 

PRESSURE IN nn Hs 


Fig. 3. Adsorption of carbon monoxide on copper chromite at constant volume 

Adsorption of carbon monoxide at constant volume 

The different character of the adsorption versus time curves for carbon 
monoxide, as compared with those for oxygen, suggested that the processes 
taking place were not of the same nature. 

In order to obtain a better understanding of the question of the adsorp- 
tion of carbon monoxide, it was considered worth while to obtain the data 
necessary to plot the isotherms for the adsorption of carbon monoxide, — 
the total adsorption of all kinds when equilibrium had been reached. With 
this in mind, constant volume runs were made at seven temperatures, 
covering the entire range where the catalyst is active. The data thus 
obtained are shown graphically in figure 3. 
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DISCUSSION 

The adsorption of oxygen by copper chromite appears to be a straight- 
forward process. It seems probable that it is simply a chemical reaction, 
that of surface chromate formation. At the temperature range over which 
the adsorption was studied, which is the important range as regards cataly- 
sis, the activated adsorption is the only process taking place, so that there 
are no complications introduced by concurrent reactions. 

The case of the adsorption of carbon monoxide on copper chromite is 
not so simple. Two adsorption processes combine to give the observed 
results, and it is only by separating the two and considering each one indi- 
vidually that we can obtain any understanding of either one. The curves 



50 100 150 200 250 300 

TEnPERATURE IN X 


Fig. 4. Summary of carbon monoxide adsorption 


of figure 4 represent both the sum of the van der Waals and the activated 
adsorption, and each one separately. Considering only the one pressure 
used throughout the rate measurements, 350 mm. Hg, curve 1 is taken 
from the isotherms in figure 3, and shows the total amount adsorbed at 
equilibrium at this pressure and at each of the temperatures considered. 
These amounts diminish regularly with increasing temperature except in 
the neighborhood of 160®C., where a sharp maximum is observed. It 
would be expected that this maximum, coming at such a high temperature, 
would be due to the activated adsorption rather than to the van der Waals 
variety. 

Curve 3, which shows the 1-minute readings from the constant pressure 
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runs, beais out this expectation. This curve may be taken as representing 
the van der Waak adsorption alone at each of the temperatures. Evi- 
dently this tsrpe of adsorption falls off rapidly with rising temperatures, 
and exhibits no maxima or minima. 

The difference between curves 1 and 3, then, must obviously represent 
the total amount of activated adsorption which takes place. This is repre- 
sented graphically in curve 4, and the maximum in the region of 150°C. is 
very pronounced. The temperature range in which the catalytic eflBciency 
of the chromite in assisting the combination of carbon monoxide and 
oxygen rises from about 40 per cent to 100 per cent is shown by the shaded 
area. In this range of temperature the amount of activated adsorption is 
considerably less than the amount of van der Waak adsorption, although 
it appears likely that this condition will be reversed at a somewhat higher 
temperature. 

Curve 2 is the representation of the 30-minute readings taken from the 
curves of figure 1. The difference, then, between this curve and curve 3 
will be the amount adsorbed at each temperature in the interval from one 
to thirty minutes, and will be proportional to the rate of the activated ad- 
sorption. This difference is represented by curve 5. It is evident that 
there is a maximum in the rate of the activated adsorption at about the 
same temperature at which we find the maximum in the extent to which 
it takes place. 

These maxima in the amount of activated adsorption and in its rate 
suggest that perhaps there are two distinctly separate and entirely dif- 
ferent processes taking place at the surface in addition to the van der 
Waak adsorption, which, for the moment, we are neglecting. Both of 
these processes, of course, would be included in a general definition of ad- 
sorption as any way in which a gas is taken up by a solid. But although 
each takes place at a measurable rate, the amount of one falk off with 
rking temperatures, whereas on the contrary, the amount of the other 
becomes greater as the temperature becomes higher. 

In figure 6a the solid line curve is a duplicate of curve 4 in figure 4. 
Similarly, in figure 6b the solid curve is a duplicate of curve 6 in figure 4. 
In each case the broken-line curves marked a and b are arbitrarily drawn, 
regular curves which, when added together, give the curves with the 
maxima. 

It does not seem wholly improbable that what we have been considering, 
then, as the activated adsorption of carbon monoxide on the chromite 
surface might possibly be really the summation of two dktinctly sepa- 
rate processes, which, although in no sense do they work at cross pur- 
poses, nevertheless vary in a different way with temperature. These two 
processes, if such exkt, could then be represented by curves of the type of 
those drawn in broken lines in figures 6a and 6b. 
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In figure 5a these curves will represent the extent to which these proc- 
esses take place before equilibrium is reached at a pressure of 350 mm. 
Hg and the temperatures indicated, while the curves of figure 5b would be 
proportional to the rates at which the processes take place. 

If we may represent the adsorption as the sum of two such hypothetical 
processes, one of them, that represented by b, diminishes with rising tem- 
perature, not only as regards the extent to which it occurs, but also in the 
rate at which it takes place. 

It must be remembered that the differences between the adsorption 
curves for carbon monoxide are not large in comparison with the values 
involved. It may be possible that experimental errors are responsible 
for the maxima obtained in figures 4 and 5. However, the fact that the 



maxima occur in the same temperature interval in each case and are so 
similar appears to bring the hypothetical processes suggested into the realm 
of possibility. If they do exist, perhaps one of the processes is one of 
solution, or diffusion, or some such phenomenon. At any rate, the exact 
nature of the two processes is of no importance as regards the relation of 
the adsorption process to catalytic activity, as we shall see directly. 

In the range over which the efficiency of the chromite as a catalyst for 
the oxidation of carbon monoxide nears 100 per cent, the adsorption of 
carbon monoxide is falling off rapidly from its maximum, which makes it 
seem doubtful that it is of major importance in the mechanism of the 
catalytic reaction. 

As the temperature is increased over this range, however, the adsorption 
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of oxygen riaes extremely rapidly. It seems more likely, then, that the 
determining factor in the activity of the surface is the adsorption of oxygen. 
A suggested mechanism which seems reasonable is that the oxygen is first 
adsorbed on the chromite surface with an energy of activation of the order 
of those calculated. If the temperature is high enough so that the adsorp- 
tion of the oxygen reaches suflSicient proportions, any carbon monoxide 
passing over the catalyst surface either reacts directly with the adsorbed 
oxygen, or else is first adsorbed and then reacts, after which the carbon 
dioxide produced is desorbed. 

Lory suggested that the catalytic activity was due to alternate oxidation 
of the chromite surface by oxygen and its reduction by carbon monoxide. 
If the term ‘ 'adsorption’’ is defined as including all ways in which a gas is 
taken up at a solid surface, without regard to the nature of the binding 
between the surface and the adsorbed gas, adsorption would of course 
include the oxidation of the surface chromium atoms by gaseous oxygen. 
So in the strictest sense there is no real difference between the suggested 
mechanism and that proposed by Lory. 

However, since the oxidation of the chromite is probably a process 
involving the addition of oxygen to the surface chromium atoms only, it 
seems wise to speak of it as an adsorption process, thus emphasizing the 
fact that it is a surface phenomenon, — ^for the surface is all-important in 
contact catalysis. At least, until it may be shown that the binding of the 
adsorbed gas to the surface is identical with that between atoms of the 
surface material and of the gas in their known compounds, it appears more 
to the point to use the term "adsorption” rather than "oxidation” to 
describe the process. 
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The purpose of the present article is to show that the equation given in 
a recent paper (2), expressing the relation between turbulence and depth 
of the ocean, applies equally well to the decrease in temperature and to 

TABLE 1 


Relation between temperature and depth 


LAKE CATUQA 

LAKE BBNBCA 


K » 6.004; log k 

» -7.90156 

Sao - 16.0;X«4 142;logA: 

- -6.31822 

D 

t 

e 

D 

t 

» 

meters 

•c. 


meters 

“C. 


0 

20 0 

0 0 

0 

20 0 

0 0 

10 

19 8 

0 2 

5 

19 4 

0 6 

14 

19.6 

0 4 

10 

19.0 

1 0 

15 

19.0 

1.0 

12 

18 8 

1.2 

16 

18.5 

1 5 

15 

18 4 

1.6 

17 

16 1 

3 9 

16 

17 3 

2 7 

18 

13.8 

6.2 

17 

14 9 

5 1 

19 

11 5 

8 5 

18 

12 3 

7,7 

20 

10.1 

9 9 

19 

11 1 

8 9 

25 

7.9 

12.1 

20 

10 2 

9 8 

30 

5.9 

14 1 

25 

6.8 

13.2 

40 

4 8 

15 2 

30 

5 8 

14 2 

50 

4 5 

15 5 

40 

4 8 

15.2 

60 

4 5 

15 5 

50 

4 3 

15.7 

70 

4.4 

15 6 

70 

4 2 

15 8 

80 

4.2 

15.8 

80 

4.2 

15 8 

100 

4.1 

15.9 

100 

4.1 

15.9 

121 

4.1 

15 9 

120 

4.1 

15.9 


the penetration of solar heat and cosmic rays with increase in depth of 
fresh water lakes. Of the accumulated data given in the literature (3), 
two examples of each topic will suffice to illustrate these phenomena. 

The methods of calculation and of tabulation are fully discussed in the 
paper referred to (2). The results of the present calculations are pre- 
sented in three tables and are illustrated graphically in six figures. In 
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TABLE 2 

Relation between heat and depth 


LAXa CATX7QA 

LAKBSBiraCA • 

Beg, m 38000; 3.483; log k 

- -2.83847 

Heg, » 33300; 1.830; log X: 

« -2.09663 

D 


H 

D 


H 


ealoTua 

eolarita 

maUra 

ealoriaa 

ealoriaa 

0 

26900 

0 

0 

32900 

0 

10 

18600 

8300 

10 

21000 

11900 

20 

6900 

20000 

20 

10800 

22100 

80 

8100 

23800 

30 

6600 

26300 

40 

1800 

25100 

40 

4500 

28400 

50 

1400 

25500 

50 

3300 

29600 

60 

1100 

25800 

60 

2600 

30300 

70 

860 

26040 

70 

2000 

30900 

80 

590 

26310 

80 

800 

32100 

100 

320 

26580 

100 

800 

32100 




150 

290 

32610 


TABLE 3 


Relation between depth and cosmic rap ionization 


LASB ABROWBBAO 

GSM LAKE 

/«- 

33.00; X- 1.043; log X;- - 

0 38787 

/op - 

80.00; K « 1.113; log ifc « - 

0.47993 

D 

V (obsd) 

r (oalod.) 

/ 

D 

r (obBd.) 

/' (calcd.) 

1 

mat0ra 




metera 




0.82 

43.80 

43.80 

9.20 

0 85 

64.10 

62 70 

17.30 

1.50 

37.50 

38.00 

15.00 

1.00 

60 10 

60 10 

19.90 

2.00 

33.50 

34.49 

18.41 

2.00 

43.80 

46 61 

33.39 

3.00 

29.50 

29.25 

23.75 

4.00 

30.40 

31.38 

48.62 

4.00 

25.50 

25.38 

27 72 

43.00 

3 62 

3 52 

76 48 

5.00 

23.10 

22,17 

30 77 

50.00 

3 30 

2.96 

77.04 

6.00 

21.10 

19.79 

33.19 

60.00 

2.49 

2 48 

77 52 

6.25 

20.60 

19 29 

i 33.71 

72.55 

2 00 

2 00 

78.00 

8.25 

17.33 

15.90 

37.10 





10.64 

14.52 

13.10 

39.90 





15.90 

10.23 

9.43 

43.57 





21.10 

7.89 

7.37 

45.63 





26.25 

6.07 

6.20 

46.80 





80.35 

5.21 

5.26 

47.74 





37.05 

4.25 

4.35 

1 48.65 





42.78 

3.79 

3.76 

1 49.24 
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Fio. 4* Relation between heat and depth^-^Lake Seneca 





Fiq. 6. Relation between depth and cosmic ray ionization Gem Lake 
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table 1 axe given the depthe (D), the temperatures ((), and the total drop 
in temperature at each point (fi ) ; in table 2, the depths (D), the solar heat 
(—17) in calories per unit of surface, and the total drop in heat at each 
point (H)’, and in table 3, the depths (D), the cosmic ray ionizations (10 
per unit of surface per second, and the total drop in cosmic ray ionization 
at each point (/). 


CONBTETTCnON OP THE GRAPHS 

The constants (K and log k) necessary for the construction of figures 1 
and 2 were obtained from the data given in table 1 and the straight line 
equation 

log 0/(6ta — 6) = K log D + log k 

those for the construction of figures 3 and 4, from the data given in table 2 
and the equation 


log H/ (H„ - H) = K log D + log * 

and those for the construction of figures 5 and 6, from the data given in 
table 3 and the equation 

iog//(/« - 1) = is:iogi) + iog* 

The quantities with the infinity subscripts (0„, H„, and /«,) were readily 
found from the graphs of the respective equations, which may be written 
in the general form 

y = y<e ke^^*/(l + Ae^*®**) 

This is obvious from the S3rmmetry of the curve when y is plotted against 
log x; for if the second derivative of y with respect to log x is placed equal 
to zero, y = iy^. The values of these quantities, together with those for 
K and for log k, are given at the head of each table. 

DISCUSSIOK OF THE RESULTS 

A glance at the graphs will show that the experimental values distribute 
themselves closely along the calculated curves, and, considering the uncon- 
trollable experimental conditions, the fit in each case is as good as can be 
expected. This is especially true of the experimental points in figures 1, 
2, 3, and 4. However, the experimental values shown in figures 5 and 6 
represent a much higher degree of experimental control, and it seemed 
worthwhile, therefore, to place in table 3 calculated values alongside the 
experimental ones for comparison. The agreement is quite satisfactory. 
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In conclusion it may be noted that the similarity in the behavior of the 
three processes, presented in the three tables and in the six graphs, is not 
accidental. A comprehensive treatment of these and of similar processes, 
including the derivation of the general equation, is reserved for a final paper. 
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The decomposition of dibromomalonic acid into carbon dioxide and 
dibromoacetic acid 


Br 2 C(COOH )2 ^ CO 2 + BrsHCCOOH (1) 

was studied in a previous paper (1). It was shown that the univalent ion 
decomposes spontaneously, the undissociated acid and the divalent ion 
being stable. 

The carbon dioxide cleavage of i3-keto- and a-nitro-carboxylic acids has 
been examined by Pedersen (2). From the fact that a,a-dimethylaceto- 
acetic acid and a,a-dimethylnitroacetic acid take up bromine with the 
same velocity as they decompose, he concludes that an intermediate un- 
saturated compound is first formed by the cleavage: 


CHs-CO *C(CH3)2COOH 

CO 2 + CH8C0H:C(CH3)2 CH3 C0 CH(CH3)2 



CH3COCBr2(CH3)2 + HBr 

02N-C-(CH3)2*C00H~> 

CO 2 + HOON:C(CHs )2 02N CH(CH3)2 



02NCBr(CH3)2 + HBr 


The structure of dibromomalonic acid bears some analogy to that of 
P-keto acids. A mechanism analogous to that of scheme 2 is therefore 
suggested : 

HOCOCBrjCOO--^ 


CO 2 + HO-CO- :CBr 2 ~0-C0 CHBr, 



*-OCOCBr 3 + HBr 


( 4 ) 
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In order to test this suggestion some bromination experiments were 
carried out. It was shown that bromine is taken up during the decom- 
position. Since neither dibromoacetic acid nor dibromomalonic acid reacts 
with bromine under the experimental conditions, an intermediate product 
is surely responsible for the disappearance of bromine. 

EXPERIMENTAL 

In order to compare the results with those of the previous communica- 
tion (1) the experiments were carried out at 26®C. and in the following 
solutions of hydrochloric acid and potassium chloride: x M HCl + (1 — x) 
Af KCl ; X M HCl + (0.2 ~ x) M KCl; and x M HCl + (0.1 - x) Af KCl. 



Fig. 1. Abscissa: moles of bromine added per mole of dibromomalonic acid. Ordi- 
nate: moles of bromine used per mole of dibromomalonic acid. CBrsC(COOH)t 

7,26 X lO"”*. theoretical value if all the dibromomalonic acid reacts according 

to scheme 4b. 0 0 , experiments in 0.1 N hydrochloric acid; O O, experiments 
in 0.1 N hydrochloric acid and 0.9 N potassium chloride. 

In addition, known amounts of bromine and dibromomalonic acid were 
present. A suitable time after the start of the reaction an excess of 0.1 A" 
arsenious acid was added. The arsenious acid reacts instantaneously with 
bromine. 


AS 2 O 8 + 2Br2 + 2 H 2 O — > AS 2 O 5 + 4Br“ -f- 2H+ 

but does not react with the other substances present. The excess of arseni- 
ous acid was titrated with bromine water. 

In most experiments the dibromomalonic acid was about 0.007 M, 
The amount of bromine taken up during the reaction increases with in- 
creasing bromine concentration. However, when the initial concentration 
of bromine is about 0.012 Af, further increase does not increase the amount 
of bromine taken up (figure 1), 
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The amount of bromine disappearing when the reaction is allowed to 
proceed until completion also depends upon the concentration of hydro- 
chloric acid, as shown in table 1. 

The fact that only a fraction of dibromomalonic acid reacts with bromine, 
and that this fraction is independent of the bromine concentration within 
a large range of concentration, is not in accordance with scheme 4. Part 
of the dibromomalonic acid must be converted into dibromoacetic acid 
without forming an intermediate product capable of reacting with bromine. 
The following mechanism of reaction is suggested. 

HOCOCBraCOO- > HOCO-:CBr 2 + CO 2 

HOCO-:CBr, ^4H0 C0H:CBr*i^i?^H0 C0 CBr, H-HBr^g^ 

HOCO • C-Brs HO • CO • CHBr* 

TABLE 1 

Bromine taken up by dibromomalonic acid 

CBrjC(COOH)j ~ 7 X 10 ’3; Cfir* ** 12 X 10~3. n = moles of bromine reacting per 

mole of dibromomalonic acid 


! 

HCl 

X M HCl 
(l-x)MKC\ 

xM HCl 
(0.2 - X) M KCl 

X WHCl 
(0.1 - X) Af KCl 


n 

n 

1 

n 

M 




1.00 

0 852 



0 75 

0.859 



0 50 

0 868 



0 25 

0 838 



0 20 

0 815 

0 820 


0 10 

0 792 

0 795 

0 781 

0 08 

0 753 

0 780 

0 770 

0 05 

0 718 




It fulfills the requirement, and it seems likely that the first step of the 
reaction is much slower than the following and thus determines the rate 
of the reaction. But of course other mechanisms may be proposed. 

Without stating anything definite about the mechanism of the reaction, 
it is obvious that two reactions take place simultaneously. The one leads 
directly to dibromoacetic acid, the other to the formation of a product 
which reacts with bromine. If the ratio of the velocities of these reactions 
is (1 — n) : n, we see that, at the time t, when c moles per liter of carbon 
dioxide have been split off, nc moles per liter of bromine have been used. 
If the initial concentration of dibromomalonic acid is co, wco moles per liter 
of bromine have been used at the end of the reaction. From the expression 

— fcf = log = log 

Co nco 
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it is readily seen that h, computed by means of the development of carbon 
dioxide, should be idaitical with h computed from the disappearance of 
bromine, when we substitute the amount of bromine actually taken up for 
the amount which would be taken up if only tdbromoacetic acid were 
formed. 

In table 2 ki is the velocity constant previously found for the carbon 
dioxide cleavage, kt is the velocity constant of the bromination computed 
as just explained, kt does not differ much from kt, indicating that the 
assumption of the formation of an intermediate unsaturated compound 
is conect. 

In order to show that the presence of bromine does not interfere with 
the first step of reaction 5, the velocity of the carbon dioxide cleavage 
was determined by the method previously used in 0.1 M hydrochloric acid. 


TABLE 2 

Velocity constants of the bromination 
CBr#C(COOH), * 7 X 10““; Cfirj ■= 12 X 10“*; t 25®C. 



zAf HCl 
(1 - 1) Af KCl 

z M HCl 
(0.2 - z) AT KCl 

zAfHCl 
(O.l - z) Af KCl 



kt X ICH 

Ai X 10* 

kt X 10» 

kiX 10* 

ktX 10* 

M 







1.00 

2.83 

3.07 





0.76 

3.25 

3.51 





0.50 

3 99 

4.30 





. 0,25 

4.41 

4.71 





0,20 

4.56 

4,70 

4.07 

4.46 



0.10 

4.48 

4.75 

4.26 

4.50 

4.31 

4.64 

0.08 

4 22 

4 87 

4.40 

4.46 

4.25 

4.68 

0.05 

4.10 

5.64 



4.24 

4.73 


containing bromine of the same concentration as in the bromination experi- 
ments. Without bromine the velocity constant was 4.31 X 10~®, with 
bromine 4.30 X 10~*. 


SUMMARY 

The mechanism of the decomposition of dibromomalonic acid has been 
studied. 

It has been found that simultaneously with the carbon dioxide cleavage 
bromine was taken up. The rate of the reaction of the bromination was 
approximately the same as that of the carbon dioxide cleavage. 

From this result it was concluded that the first step of the reaction was 
the formation of an unsaturated compound. 
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THEORETICAL CONSIDERATIONS 


The viscosity of a bulk liquid is known to be increased by the presence 
of a suspended particle. The complete mathematical treatment of this 
problem for the case of spherical particles has been solved by Einstein (1). 

Jeffery (5) has extended the work carried out by Einstein, for the case 
of ellipsoidal particles. Great difficulties were encountered in the solution 
of the problem and the results were left in a rather indeterminate form, 
owing to the fact that a number of motions were possible for a given set 
of boundary conditions. 

Eisenschitz (2), assuming that the ellipsoidal particle so orients itself at 
the time t = 0 (beginning orientation) that its axes coincide with the princi- 
pal axes of deformation of the fluid, calculated, both for pure motion of 
deformation and for plane laminar flow, the value of this numerical factor 
in terms of ratio of length to diameter. His results for plane laminar flow 
are as follows: 


V 

Vo 


1.15 


1 + 


TT loge 2 


V 

V 


where a = the long axis of the ellipsoid, 
h = the short axis of the ellipsoid, 

77 and 770 = viscosities of solution and solvent, respectively, 

V = volume of particle, and 

V = volume of solution. 

We applied this equation to stearic acid dissolved in carbon tetrachloride 
as well as to lecithin in the same solvent. 


^ Published as Journal Series No. 1363, Minnesota Agricultural Experiment 
Station. 

* This paper is taken from a thesis presented by Robert M. Theis to the Faculty 
of the Graduate School of the University of Minnesota in partial fulfillment of the 
requirements for the degree of Master of Science, June, 1935. 
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VISCOSITY MBASUBBIIENTS 

Measurements were made with the Ostwald type of viscosimeter. For 
8 cc. of carbon tetrachloride the time of out-flow was about 90 seconds, 
while for the same volume of water it was over 120 seconds. The neck 
of the instrument was drawn out to about half its thickness to facilitate 
the recording of an accurate starting point. This narrow constriction was 
etched with hydrogen fluoride, as also was the capillary tube. The instru- 
ment was kept filled with cleaning solution when not in use, especially 
overnight. The densities of the solutions were determined by means of 
a pycnometer, which was accurately calibrated. As the apparatus must 
be extremely clean to get reliable measurements, the following procedure 
was followed: The apparatus was washed twice with waste carbon tetra- 
chloride, once with pure carbon tetrachloride and once with acetone, and 
dried by evacuating. 

The stearic acid used was recrystallized from benzene. It melted at 
69“C., which indicated that it was quite pure. The solutions were pre- 
pared by dissolving a known weight of stearic acid in carbon tetrachloride 
and middng up to correct volume. The data are given in table 1 and 
graphed in figure 1. 

Fikentscher and Mark (3), taking into account the process of solvation, 
have proposed the following formula: 

1 _ 1 = ^ 
ijo 100 — 

where # is the volume occupied by 1 g. of substance in solution (volume 
of solvated particle), c the concentration in grams per 100 cc. of solution, 
and “a” equals 2.5. 

$c in the denominator of the above expression is analogous to the b term 
in van der Waals' equation of gases. The value of the constant “a” will 
be 2.5 for spherical particles only. 

Treating “a” and $ as general constants and rearranging the above 
expression in the following form, one obtains: 

^ ^ ^ _ 1 
n., a 

where 



The variables in this equation are — and c. If one plots — as ordinate 
and e as abscissa, as is done in figure 1, a straight line with interoept equal 
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to — and with a negative slope of 1/a is obtained. From the values of 

the slope of the line and the ordinate intercept, a is 0.886 and is 4.185 cc. 
per gram. 


TABLE 1 


Viscosity of solutions of stearic acid in carbon tetrachloride 


CONCENTRATION IN QBAMB PER 
100 CC. OP SOLUTION 

Vr 

c/ *?«p 

2.0 

1.0809 

24.72 

1.6 

1 059 

25.33 

1.0 

1.0387 

25.82 

0 5 

1 0186 

26.87 



CONCENTRATION 
Fig. 1 

The specific gravity of stearic acid at room temperature is approximately 
0.85. lliiscorrespondstoaspecific volume of 1.17 cc. On the other hand, 
the apparent specific volume from viscosity measurements turned out to 
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be 4.185, about 3.5 times the expected value. There is no reason to believe 
that a gram of substance should occupy the same volume in both the solid 
state and in solution. However, when solvation takes place, in the case 
of stearic acid, the carbon tetrachloride becomes part of the stearic acid 
particle, so that the apparent specific volume now becomes the volume 
occupied by 1 g. of stearic acid plus an unknown number of grams of carbon 
tetrachloride, but this total volume is calculated on the basis of 1 g. of 
stearic acid. 

We do not know whether the solvent is included between the particles 
of solute or a shell of solvent is built around each particle. In either case 
the particle assumes a definite shape with some deformability, so that the 
solution still behaves as a homogeneous liquid. The value of the con- 
stant “o” (found) indicated that stearic acid does not form spherical par- 
ticles in solution. Assuming that we are dealing with ellipsoids of revolu- 
tion instead of spheres, we applied Eisenschitz’s equation to determine 
what ratio of length to diameter corresponds to the value of the con- 
stant “o,” obtained experimentally. If we assume that the motion of the 
particle is plane laminar flow and that the ratio of length to diameter is 
6 to 1, then the value of “a" by the above equation is: 


0.159 (6/1) 
logio 12 


0.884 


which corresponds to the value of “a” (0.885), found experimentally. 

From x-ray data of Francis, Piper, and Malkin (4) the diameter of a 
stearic acid molecule is 3.7 to 4.0 A.U. and the length of a single molecule 
is 23.4 A.U. (this is calculated on the basis of the above work). This will 
give us a ratio of length to diameter of approximately 6 to 1. 

The lecithin was prepared by a modification of the method of Suey- 
oshi (7). The reagents were carefully purified and tested for their purity. 
Analysis of the lecithin gave the following results: total nitrogen, 1.835 
weight per cent; phosphorus, 4.094 weight per cent; N:P ratio, 1:1.007; 
amino nitrogen, 0.39 weight per cent. 

Van Slyke analysis shows a high contamination of cephalin (21 per cent), 
but since the N:P ratio is practically 1, it indicates that the material 
obtained is free from other lipids. The presence of cephalin would hardly 
affect viscosity measurements, as there is little difference between the mo- 
lecular structure of lecithin and of cephalin. 

In table 2 are the results of our viscosity measurements of lecithin in 
carbon tetrachloride at various concentrations. These values are graphed 
in figure 2. 

Treating the data obtained for lecithin in the same way that we did for 
stearic acid, we found a similar relation between viscosity and concentra- 
tion. A comparison of figures 1 and 2 will disclose the fact that the points 
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TABLE 2 

Viscosity of solutions of lecithin in carbon tetrachloride 


C029CBNTRAT10N IN OBAMB PBR 
100 CC. OP BOLTTTION 

Vr 

cfntp 

11 

1.4920 

22 357 

8 

1.3318 

24.111 

5.7 

1 2269 

25.121 

3.7 

1.1410 

26.24 

1.8 

1 0648 

27 77 

0.9 

1.0259 

34.74 



Fio. 2 
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do not lie on a straight line for small concentrations. If one rewrites the 

ordinate in the form it can be seen that small errors in t; - 170 will greatly 

t^ect the results. This usually occurs for small concentrations where rj 
is not much different from »?». 

Carrying out the same sort of calculation for lecithin as for stearic acid, 
we found # = 1.99 cc. per gram and a — 1.76. 

Assuming that lecitto forms ellipsoidal particles and applying Eisen- 
schits’s equation, “o” from experiment corresponds to a 17 to 1 ratio of 
length to diameter, i.e., if a/b is 17/1 then; 


159 (17) 
logic 34 


According to Leathes (6) the cross section of a lecithin molecule is about 
70 (A.U.),* which corresponds to a diameter of a little over 8 A.U. For a 
17 to 1 ratio of length to diameter the length of lecithin molecules would 
have to be about 136 A.U. This corresponds to the length of four lecithin 
molecules in a straight chain. 


CONCLUSIONS 

The information which we hope to gain by this t)T>e of research is not 
as complete as expected. The discrepancy lies not in the fact that the 
measurements yield results which are not reliable, or that we are dealing 
with too complicated a material, but that we are handicapped in the appli- 
cation of equations based on purely theoretical grounds. Thus it can 
readily be seen that when one tries to apply the Eisenschitz equation to 
experimental results certain limitations arise, as for example: (1) The 
equation of Eisenschitz has been derived under the assumption that 
a>>b. As the ellipsoidal particle approaches that of a sphere, the equa- 
tion can no longer be applied. (2) The question arises as to whether the 
equation can be applied to cases where there is a formation of long chains. 

If the ratio of length to diameter of lecithin is too small to apply the 
above equation to the results obtained, then lecithin must be approaching 
the form of an oblate or prolate spheroid. However, if we assume that 
the equation is applicable, then lecithin forms chains of four molecules 
on the average. 

More experiments must be performed to determine the limitations of 
Eisenschitz equation, as well as the applicability of the same to associated 
systems. 


BUMMABY 

1. Viscosity measurements of stearic acid and lecithin dissolved in 
carbon tetrachloride were made at various concentrations, and a linggr 
relation found when c/»j,p is plotted against c. 
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2. The application of the Eisenschitz equation to experimental results is 
discussed with reference to ratio of length to diameter of both stearic acid 
and lecithin. 
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I. INTRODUCTION 

One of the outstanding achievements in the utilization of agricultural 
wastes in the manufacture of industrial chemicals is the development of 
the furfural industry. The furfural is produced by heating oat hulls at 
about 60 pounds pressure with about 5 per cent sulfuric acid for five or more 
hours (14, 16, 5). The yield is about 50 to 60 per cent of the theoretical. 
The studies reported in the present communication have to do with the 
production of furfural from strong xylose solutions by various combina- 
tions of hydrochloric acid and sodium chloride, in order to establish general 
principles of procedure which could lie applied directly to the agricultural 
material or to the xylose-containing hydrolysates made therefrom. Tin* 
presence of the salt decreases the solubility of the furfural, ensuring its 
more rapid and complete removal by the solvent. The salt likewise in- 
creases the activity of the acid. This latter phenomenon has been studied 
with reference to various hydrolytic actions (2, 3, 4, 6, 7, 8, 9, 10, 11, 20). 
In general, the hydrolytic action of a strong acid, such as hydrochloric acid, 
is proportional to the ‘‘apparent'^ hydrogen-ion concentration, which is 
conveniently expressed in terms of pH. So far as the authors are aware, 
this principle has not been applied to a dehydration action such as tin; 
production of furfural from xylose. Adams and Vorhees (1), Hurd and 
Isenhour (13, 14), and others have employed salts in this reaction for the 
purpose of reducing the solubility of the furfural in order to facilitate 
distillation. 

II. GENERAL PROCEDURE AND PRELIMINARY EXPERIMENTS 

A, General procedure 

The aqueous xylose solutions plus the dehydrating agents were refluxed 
with an immiscible solvent in which furfural is very soluble. These sol- 
vents included benzene, toluene, and carbon tetrachloride. Toluene is 
the solvent employed in the studies here reported in detail. The purpose 
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of the solvent is twofold. It removes the furfural as formed, thus cutting 
down the opportunity for polymerization of the furfural in the presence 
of the dehydrating reagcnte, and it also permits the building up of high 
concentrations of furfural in the solvent, thus allowing an easy and eco- 
nomical separation by distillation. 

The concentration of furfural in the toluene was determined by specific 
gravity measurement with a Westphal chainomatic balance. Quantitative 
experiments showed the specific gravity of toluene-furfural systems to be 
a linear function of the concentration of furfural. Toluene was refluxed 
with equal volumes of the sodium chloride-hydrochloric acid solutions of 
the strength employed in subsequent experiments; there was no significant 
change in specie gravity. The toluene solutions of furfural, obtained 
by action of the sodium chloride-hydrochloric acid systems upon xylose, 
were shaken with sodium sulfite. The specific gravity was restored to 
that of the pure toluene. These toluene-furfural systems were subjected 
to fractional distillation. The distillation curve corresponded to that 
obtained for known furfural-toluene systems. The furfural so obtained 
was identical with pure furfural. 

The xylose was analyzed by three different methods, those of Shaffer 
and Hartmann (18), Slater and Acree (19), and Kline and Acree (15) . The 
purity was found to be 95.5, 96.2, and 95.5 per cent by the respective pro- 
cedures, with an average value of 95.7 per cent. Since the theoretical 
yield of furfural from pure xylose is 64 per cent, the maximum yield from 
the xylose used would be about 61 per cent. 

B. The infltience of volume ratios upon yields of furfural 

In table 1 are given data showing the influence of volume ratios upon 
the yield of furfural from 20 per cent xylose refluxed for five hours in the 
presence of 0.50 N hydrochloric acid-40 per cent sodium chloride. The 
concentrations of sodium chloride and of xylose throughout this paper 
are expressed in grams per 100 cc. of acid used. It is evident that the jdeld 
of furfural increased slightly up to a ratio of 67 : 100 and was practically 
constant beyond that point. In subsequent experiments the toluene and 
aqueous systems were employed in equal volumes. 

C. Influence of xylose concentrations on yields of furf ural 

In table 2 are given data on the yield of furfural from various concentra- 
tions of xylose refluxed for five hours in the presence of 0.50 N hydrochloric 
acid-40 per cent sodium chloride. The results show a decrease in yield 
with increase in xylose concentration. In subsequent work a xylose con- 
centration of 20 per cent was employed. 

D. The effect of certain salts 

Prelirrrinary experiments showed some interesting effects of salts upon 
strong xylose solutiorrs. For example, 250 cc. of water was added to 75 g. 
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of xylose and 75 g. of ammonium chloride. The solution was heated on a 
hot plate; a strong odor of furfural was soon evident. However, the fur- 
fural could not be readily extracted from the mixture by means of benzene, 
toluene, or carbon tetrachloride. On vigorous shaking, the mixture proved 
to be an excellent emulsifying agent for the solvent. When subjected to 
distillation the furfural began to distill over at about 110®C. At 120°C. 
the mixture had a strong tendency to foam and the furfural distilled in 
such amounts that each drop was diphasic. These results indicate the 


TABLE 1 

Effect of varying volume ratios of toluene with 20 per cent xylose solution with 0.50 N 
hydrochloric acid and Jfi per cent sodium chloride for five hours 


TOLUBNK 

AQI'SOUB SOLUTION 

TOLUBNB PK» 100 CC OF 
AQUEOUS SOLUTION 

YIELD OP PUKPUBAL PER 
100 a. OF XYLOSE 

ec. 

ee. 

CC. 

fframs 

20 

103 

19 4 

29 8 

35 

93 

37.6 ; 

30 7 

50 

93 

53 8 

30 7 

100 

159 

62 9 

31 8 

SO 

119 

67 2 

33 3 

125 

184 

67 9 

33 2 

05 

93 

69 9 

34 0 

150 

188 

so 0 

34 0 

50 

50 

100 0 

33 6 


TABLE 2 

Effect of varying concentrations of xylose^ using 0.50 N hydrochloric acid and Jfi per cent 
sodium chloride for five hours 


XYLOhE 

YIELD OP FUR- 
FURAL PER 100 O 
OF XYLOSE 

PER CENT OF 
THEORETICAL 
YIELD 

XYLOSE 

YIELD OP FUR- 
FURAL PER 100 O. 
OF XYLOSE 

PER CENT OF 
THBORSTirAI. 
YIELD 

per cen t 

4 

42 5 

70 

per cent 

30 

29 4 

48 

8 

40 0 

66 

40 

28 0 

46 

10 

39 4 

65 

50 

25 5 

42 

15 

36 0 

59 

60 

22.7 

37 

20 

33.6 

55 





formation of an intermediate product, which is insoluble in the solvents 
employed but which at higher temperatures yields furfural readily. Simi- 
lar results were obtained with ammonium sulfate, ammonium dihydrogen 
phosphate, and ammonium tartrate. 

Strong solutions of aluminum sulfate and of zinc chloride also gave fur- 
fural on boiling with concentrated solutions of xylose, but in these instances 
the furfural was readily extracted with the solvents. Strong solutions 
of sodium chloride, calcium chloride, or of sodium sulfate did not lead 
to the formation of furfural. 
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TABLES 

Yieldi of furfttral from iO per eent xyloee tolution viith various eombinations of hydro- 
chloric addr-sodium chloride 
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TABL£ 3 — Concluded 


NORMALITY 

OF HCl 

NaCl 

pH 

2 HOURS 1 

4 HOURS 

6 HOX7R8 

8 HOURS 

/ 

/i 

ft 

/ 

/i 

ft 

/ 

A 

ft 

/ 

A 

h 

N 

per cent 



















1.50 

0 

-0 

24 

4 

1 

7.2 

7 

1 

13 9 

13 5 

13 5 

19 8 

19 1 

20 

0 





5 

-0 

38 

9 7 

9 

8 

9 

5 

18 9 

18 6 

18 6 

25 4 

25 7 

25 

7 





10 

-0 

.52 

14 5 

13 

5 

13 

2 

24 0 

25 1 

23 4 

30 3 


31 

6 





15 

-0 

66 

18 0 

18 

2 

18 

2 

29 0, 


28 2 

34 4 


as 

8 





20 

-0 

80 

22 9 



22 

4 

33 0 


30.9 

36.0 


34 

7 





25 

-0 

04 

26 

,2l 



25 

1 

35 7 


33 9 

35.1 


35 

0 





30 

-1 

08 

31 

0 



28 

8 

36 9 


35 5 

34 0 


a5 

0 





35 

-1 

22 

31 

6i 



36 

8 

36 8 


36 3 

34.2 


35 

0 





40 

-1 

36 

32 

8! 



31 

6 

39 2 


36 7 

34 9 


35 

0 





45 

-1 

50 







38.9 


37 1 

34 7 


35 

0 




2.00 

0 

~0 

45 

13 

4 

12 

6 

11 

5 

17 4 

J7 0 

20 4 









5 

— 0 

59 

17 

6 

17 

4 

15 

9 

23 4 

23.4 

24 6 









10 

-0 

73 

23 

5 

23 

4 

21 

9 

28 6 


28 8 









15 

— 0 

87 

28 

3 



24 

6 

32 4 


31 6 









20 

-1 

04 

31 

5 



28 

2 

33.8 


33 9 









25 

-1 

18 

35 

5 



30 

9 

34 0 


35 5 









30 

-1 

:i2 

36 

0 



32 

4 

a5 0 


sr> 9 









35 

-1 

46 

m 

4 



33 

9 

34 7 


36 3 









10 

j “1 

60 

35 

9 



35 

5 

36 0 


36 3 









45 


74 

36 

7 



36 

0 

36 4 


36.7 









f = ('xperimontal yield of furfural, in grams produced per 100 grams of xylose. 
/i = yield calculated by the relation log / = a -f- 0.028 X per cent NaCl. 

/a = yield as read from a diagram of log / against pH for all values for all combina- 
tions of sodium chloride and hydrochloric acid. 

III. THE YIELD OF FURFURAL IN THE PRESENCE OF VARIOUS COMBINATIONS 

OF SODIUM CHLORIDE-HYDROCHLORIC ACID 

111 table 3 arc^ given data for the yields of fuifural from 20 per cent xylose 
ill the presence of 0.25, 0.50, 0.75, 1.00, 1.50, and 2.00 N hydrochloric acid 
with concentrations of sodium chloride from 0 to 45 per cent for various 
periods of time. The data show the marked effect of the presence of the 
salt. The highest yield without salt is 20 per cent at 1.50 N hydrochloric 
acid after six hours. This same yield was given in two hours by approxi- 
mately the following hydrochloric acid--sodium chloride systems: 0.50 A^- 
40 per cent; 0.75 A^-30 per cent; 1.00 N-25 per cent; and 1.50 A^-15 per 
cent. The highest yields are 35 to 40 per cent, or 57 to 65 per cent of 
theoretical. 

IV. THE RELATION OF YIELD OF FURFURAL TO THE pH OF THE SODIUM 

CHLORIDE-HYDROCHLORIC ACID SYSTEMS 

In table 4 are given data for the jiH values of 0.25 N hydrochloric acid 
in the presence of varying concentrations of sodium chloride. These values 
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were determined potentiomeirically. No corrections were made for dif- 
fusion potential. Data are also presented showing the effect of the sodium 
chloride upon the solubility of the furfural. While the “apparent" hydro- 
gen-ion concentration increased nearly ninefold, the solubility is decreased 
only to one-third. 

The relation between pH and concentration of sodium chloride for 
table 4 is 


pH = 0.60 — 0.028 X per cent NaCl (1) 

Also, for a given time period, the yield of furfural is a linear function of 
the “apparent” hydrogen-ion concentration, through a major portion of the 
curve. The deviation from this linear relationship is associated with 


TABLE 4 

Effect of sodium chloride upon the pH of O.gB N hydrochloric acid and upon the solubility 

of furfural* at t6°C. 


PBR CBNT 

NaCl 

pH 

“appakknt” 

Ch* 

RELATIVE 

FURFURAL IN 

TOLtTBNK 

FURFURAL IN 

WATBR 

DISTRIBUTION 

RATIO 

■ 0 

0.67 

0.273 

1 00 


0.60 


5 

0 46 

mmm 


2.98 


0 174 

10 

0 32 

bEB 



mIBM 

0 144 

15 

0.18 



3.10 

0.40 


20 

0.07 

0 860 

3 15 

3.14 

0.36 

0.114 

26 

-0.09 

1.228 

4.50 

3.19 

0.31 

0.097 

30 

-0.25 

1.763 

6.46 

3.20 

0.29 

0.091 

35 

-0.37 

2.331 

8.54 

3 25 

0.25 

0.077 


* Seven per cent furfural in toluene used, 50 cc. of 0.25 N hydrochloric acid, and 
60 cc. of toluene-furfural solution. 


decreased yield, due to pol 3 rmerization of the furfural and other factors 
which cause a marked darkening of the nsaction mixture. During the 
range for which equation 1 holds, 

log / = o -f 0.028 X per cent NaCl (2) 

that is, the logmithm of the yield of furfural is a linear function of the con- 
centration of salt and also of pH. 

Equation 2 was applied to all the hydrochloric acid-sodium chloride 
sj^tems ; these values are given as /i in table 4. The agreement is entirely 
satisfactory through raises in which the yield of furfural is a linear func- 
tion of the “apparent” hydrogen-ion concentration. In general the rela- 
tion is linear up to about 22 per cent sdeld of furfural. This treatment 
permits the calculation of yields below 10 per cent, which are somewhat 
erratic owing to the low concentrations in the toluene. 
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Graphs of pH against furfural yield (/i) for the 0.25 N hydrochloric acid- 
salt combinations for the 2-, 4-, and 6-hour periods permitted the calcula- 
tion of the pH of other concentrations of pure acid, on the assumption that 
the yield of furfural is a function of pH only. Such values are given in 
table 5. There are also included data for various concentrations of hydro- 

TABLE 5 


The pH values of 0.60 Ny 0.75 Ny 1.00 N, 1.50 AT, and i^.OO N hydrochloric acid as cal- 
culated on basis of yields with 0.25 N hydrochloric acid-sodium chloride systems, 
compared to pH values as calculated from the activity coefficient of hydrochloric acid 


CONCUNTRATION 

ofHCI 

pH FROM GRAPH FURFURAL TIELD 

FOR 0 25 VHCl-NaCl 

pll FROM VALUES OF y HCl 

Molar 

Molal 

2 hrs 

4 hrs. 

6 hrs. 

Average 

y 

Relative 
value of 

7 

y'rn 

pHi - 
log l/y'tn 

pH - pH* 

0.25 1 

0 25 





0 761 

1 

1 

0 25 

0.60 

0 

0.50 

0.50 

0 29 

0 27 

0 26 

0 27 

0 7.57 

0 995 

0 50 

0 30 

-0 03 

0.75 

0.76 

0 04 

0.09 

0 09 

0 07 

0 780 

1 03 

0 78 

0 11 

-0.04 

1.00 

1.02 

-0 02 

-0 02 

+0.01 

-0.01 

0 815 

1 07 

1 09 

-0 04 

+0 03 

1.50 

1.54 

-0 24 

-0 23 


-0 24' 

0 901 ' 

1 18 

1 82 

-0 26 

+0 02 

2 (X) 

2 08 

-0 .50 

1 

-0 40 


-0.45 

1 04 

1 37 

2 85 

-0.45 i 

0 


TABLE 6 


Values of pH of various combinations of sodium chloride and hydrochloric acid* 


PER CENT NaCl 



NORMALITY OF HCl 



0 25 

0 50 j 

0 75 

1 00 

1 50 

! 200 

1 

0 

0 60 

0.27 

0 07 

-0.01 

-0 24 

-0 45 

5 

0.46 

0.13 

-0 07 

-0.15 

j -0 38 

-0 59 

10 

0 32 

-0.01 

-0 21 

-0.29 

-0.52 

-0 73 

15 

0 50 

-0.15 

-0 35 

-0.43 

-0 66 

-0 87 

20 

0 04 

-0 29 

-0 49 

-0 57 

-0 80 

-1 04 

25 

-0 10 

-0 43 

-0.63 

-0.71 

-0 94 

-1 18 

30 

-0.24 

-0 57 

-0.77 

-0 85 

-1 08 

-1.32 

35 

-0.38 

-0.71 

-0.91 

-0.99 

-1.22 

-1 46 

40 

-0.52 

-0.85 

-1 05 

-1.13 

-1 36 

-1 60 

45 

1 

-0 66 

-0 99 

-1 19 

1 

-1 27 

-1 50 

-1 74 


* Data for 0.25 N hydrochloric acid based on experimental data from the relation, 
pH « 0.60 — 0.028 X per cent NaCI. Data for other concentrations calculated from 
table 5, using the relation pH = 5 — 0.028 X per cent NaCl. 


chloric acid calculated from the activity coefficients given by Randall 
and Young (17). Our value for 0.25 N hydrochloric acid is pH = 0.60 
as compared to 0.71 calculated from the activity coefficient. Relative 
values of the activity coefficients, 7', were used to correct our values to the 
basis of the data of Randall and Young. It is evident that the pH values 
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calculated from yields of furfural in the presence of the pure acid agree 
remarkably well with those calculated from the activity coefficients. 

It was noted above that equation 2 applies, within specified limits, to 
all combinations of hydrochloric acid and sodium chloride. The assump- 
tion seems warranted that the pH of other concentrations of acid decreases 
at the same rate as obtained for 0.25 N hydrochloric acid, that is, 

pH = 6 — 0.028 X per cent NaCl (3) 

Values so calculated are given in table 6. 

Graphs were constructed by plotting log / against pH for the 2-, 4-, 6-, 
and 8-hour periods. Each curve included all the data for all combina- 
tions of hydrochloric acid and sodium chloride for the given period. 
From these graphs the furfural yield for each pH value was read. The 
data so obtained are given as /a in table 4. It is evident that, within 
experimental accuracy, the yield of furfural from 20 per cent xylose solution 
in the presence of hydrochloric acid-sodium chloride combinations is 
determined by the pH values of the wide variety of combinations employed. 

V. SUMMARY 

Studies are reported on the production of furfural from strong xylose 
solutions using hydrochloric acid-sodium chloride solutions as dehydrating 
agents. The xylose-hydrochloric acid-sodium chloride systems were 
refluxed, at atmospheric pressure, with toluene. The furfural yield was 
determined from the specific gravities of the resulting furfural-tolueiK' 
solutions. The concentrations of hydrochlorie acid used were 0.25, 0.50, 
0.75, 1.00, 1.50, and 2.00 normal, each in the presence of 0, 5, 10, 15, 20, 
25, 30, 35, 40, and 45 per cent sodium chloride. The yield of furfural was 
twice as great for 4 per cent xylose as for 60 per cent xylose. Detailed 
experiments were performed for xylose at 20 per cent concentration for 
which the yield in furfural is about 20 per cent less than for 4 per cent 
xylose. 

The yield of furfural is increased about one-third for each 5 per cent ad- 
dition of sodium chloride up to a furfural yield of about 22 per cent. From 
this point the increase in yield is less. For all cases, for a given time period, 
the yield of furfural is, within reasonable limits, dependent only upon the 
pH of the hydrochloric acid-sodium chloride combinations. That is, the 
yield is dependent upon the thermodynamic degree of dissociation of the 
acid (the activity coefficient). 
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INTRODUCTION 

The use of the simple Stokes’ equation in the determination of viscosity 
rests upon a number of assumptions. According to Arnold (3) these are: 
(a) there is no slip between the medium and the surface of the sphere; (b) 
the velocity of fall is small; (c) the sphere is rigid; (d) the discontinuities 
of the medium are small, compared to the size of the sphere; and (e) the 
liquid is infinite in extent. 

The cylinder containing the liquid is immersed in a constant-temperature 
bath and fixed in an accurately vertical position. The sphere is introduced 
axially into the liquid by means of a glass tube passing through a stopper 
at the top of the cylinder. Ladenburg (8) released the sphere beneath 
the surface by means of an electromagnet. The velocity of fall is deter- 
mined over the middle third of the liquid column; the timing lines should 
extend around the cylinder in order to avoid parallax. The liquid must 
be free from gas bubbles and convection currents. Lemin (9) found in 
measuring the viscosity of glycerol, that it was necessary to wait ten 
minutes between the passage of the spheres in order to obtain consistent 
results. The requirement of spheres is easily met by the use of ball- 
bearings, which are made in standard sizes with an accuracy of 0.001 inch. 
Ladenburg (8) found the velocity of fall of spheres with corroded surfaces 
to be identical with that for spheres with polished surfaces. Lemin (9) 
stated that with very small spheres the slippage must be taken into account, 
but that this factor is not significant with sphere sizes employed in the 
laboratory viscometer. Gibson and Jacobs (7), Poynting and Thom- 
son (11), and Allen (1) have emphasized the fact that there is a lower limit 
to the viscosity which can be measured with the falling sphere viscometer 
and an upper limit of the size of the sphere which can be employed using 
the simple Stokes’ equation. 

‘ This work was supported in part by a grant from the Industrial Science Re- 
search funds of the Iowa State College for the study of the granulation of honeys. 
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The simple Stokes’ law may be formulated as 

_ M - A) (j) 

9v 

in which v = velocity of fall, di — density of sphere, dt = density of the me- 
dium, HI = absolute viscosity of the medium, r — radius of the sphere, and 
g = the gravity constant. 

It is evident that the extent of the liquid and the height of the column 
of liquid are factors in the rate of fall of the sphere. Ladenburg (8) applied 
two linear equations to the simple Stokes’ law to correct for variations in 
the extent of the liquid and for the height of the liquid column. His cor- 
rection for the “wall effect” is 

i;(l -I- 2Ar/R) = p, (2) 

in which v is the observed velocity, the velocity in infinite medium, r 
the radius of the sphere, and R the inside radius of the cylinder. The 
above relation has been verified, within limits, by Gibson and Jacobs (7), 
Lemin (9), and others. Lemin found the relation to hold for values of r/R 
up to 0.06. 

The correction for the “end effect” is 

p(l 3.3r/h) = p„ (3) 

in which h is the height of the column of liquid. 

Sheppard (13) derived an empirical equation in an endeavor to extend 
the wall correction to wider ranges of r/R. His relation is 


T = + 


C 

{R/r - 1)* 


(4) 


in which T is the observed time of fall, the time of fall in infinite medium, 
and C a constant. With reference to the above equation Gibson and 
Jacobs (7) state, “Although the expression may fit the author’s data when 
suitable constants are chosen, this does not prove that the value of T, 
is the correct one.” 

Equation 4 may be written. 


log (T - TJ « -2 log {R/r - 1) log C (5) 

The above equation was applied graphically to the data of Lemin (3) 
(see table 2) for the viscosity of glycerol. The value of T. so obtained 
gave a viscosity of 20.5 poises. T^ is hi^er than the thnee lowest values 
given by Lemin and 2 poises higher than the value using Ladenburg’s 
correction. 
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Gibson and Jacobs (7) suggested that the viscometer should be cali- 
brated by using a liquid of known viscosity; they employ the relation, 

Vi _ (di —• d^Ti 
7/2 {di — dz)T2 

In regard to the above equation Bingham (4) states: ^Workers have 
felt dependent upon calibrating liquids, and since there is a dearth of 
calibrating liquids of high viscosity, liquids are often chosen in which the 
velocity of fall is too great for strict application of Stokes^ law and a cor- 
rection has to be made.’* 

The work here was undertaken during the course of studies on various 
properties of honeys as correlated with their tendency to granulate (6). 
Chataway (5) found the water content of honeys to be correlated with 
viscosity as determined by the falling sphere viscometer and gives tables 
for this purpose. The value of r/R for his viscometer was 0.317, which 
involves a large correction factor. He points out in a second communica- 
tion that his tables apply only for a viscometer of the same dimensions 
as employed by him. 

The determination of the viscosity of honeys is complicated by the 
fact that some samples have been shown to exhibit an anomalous behavior. 
For example, deBoer and ICniphorst (2) found the viscosity of heather 
honey to be decreased by stirring, with subsequent increase in viscosity on 
standing. They describe the phenomenon as an example of thixotropy. 
Paine, Gertler, and Lothrop (10) noted that certain honeys show a slight 
decrease in viscosity with increase in stress. Scott Blair (12) made detailed 
studies of the thixotropy of heather honey under shearing in both its 
undisturbed (“gel”) and stirred (“sol”) forms. In both cases, the vis- 
cosity increased at low stresses, but in neither case was there found any 
sharp elastic limit (yield value). The sol form showed (considering its 
high viscosity) only a very small deviation from truly fluid behavior.” 
He describes a viscometric test to characterize honeys having thixotropic 
properties. 


EXPERIMENTAL 

In tables 1 to 6 are given data for the viscosities of various liquids with 
various values of r/R and A. The data for castor oil, glycerol, and a sys- 
tem of colophony-turpentine are adapted from the literature, while those 
for a system of colophony-turpentine and for two honeys were determined 
in these laboratories. It was found that, within limits, the determined 
viscosity is an exponential function of r/R such that. 


log (’?* - 6) = mr/R + log (tj^ - h) 


( 7 ) 
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TABLE 1 

ViBco8tiy of castor oil at 


Calculated from data of Gibson and Jacobs (7). A "> 25.5; r «« 0.0794 



r/R 

Vx 

1 

'>•0 

"i 

2.270 

0.0350 

WBEm 

wESM 

9.91 

9.73 

1.750 

0.0454 

■SIB 

■EEfl 

9.89 

9.67 

1.050 

mMm 



9.85 

9.64 

1.000 



■t^l 

10.09 

9.88 

0.570 

buh 

■^B 

mmm 

9.79 

9.89 

0.425 

0.1870 1 

HB 

WEEU 

9.89 

10.54 


* In this and the following tables r - radius of sphere, R * inside radius of cylin- 
der, rtx «* viscosity calculated by simple Stokes’ law, tix viscosity corrected for end 
effect by Ladenburg equation 3, noo » viscosity for infinite liquid calculated by equa- 
tion 11, **• viscosity for infinite liquid calculated by Ladenburg equation 2. 


TABLE 2 

Viscosity of glycerol at IM^C. 

From data of Lemin (9). k =■ 30.0; r ** 0.0794 


B 

r/B 

rix 



’z. 

4.84 

0.0164 

19.0 

18 8 

18.3 

18.1 

2.90 

0.0274 

20 3 

20.1 

19 2 

18 9 

2.35 

0.0338 

20.2 

20.0 

18.9 

18.5 

1.70 

0.0467 

20 6 

20.4 

18.8 

18 4 

1.43 

0.0557 

21.1 

20 9 

18.9 

18.5 

1.30 

0 0610 

21.3 

21.1 

18.9 

18.4 

0.860 

0.0923 

22.7 

22.6 

18 8 

18 4 

0.435 

0 1825 

29.8 

29.5 

19.4 

20 5 

0.280 

0.2835 

37.3 

37.0 

17 3 

22 0 


TABLE 3 

Viscosity of colophony-turpentine 


From data of Ladenburg (8) 


r/B 

r/h 

Vx 


’>00 


■m 

0.00312 

1396 

1382 

1357 

1347 


0.00414 

1415 

1396 

1363 

1348 

■BB 

0.00312 

1424 


1364 

1349 


0.00625 

1438 

1409 

1358 

1338 

0.0249 

0.00414 

1447 

1427 

1367 

1344 

0.0283 

0.00826 

1456 

1417 

1348 

1328 

0.0340 

0.00312 


1475 

1389 

1362 

0.0376 

0.00625 

1491 

1461 

1394 

1340 

0.0450 

0.00414 

1515 

1494 

1368 

1349 

0.0500 

0.00826 

1515 

1475 

1347 

1318 

0.0680 

0.00625 


1568 

1378 

1346 

0.0901 


1681 

1636 

1379 

1348 
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TABLE 4 

Viscosity of colophony-turpentine at £6°C. 


R 

1 

r 

rlR 

h 



Vec 

"l 

2.15 

0.1587 

0 074 

33 

75.3 

74.1 

64 3 

62.9 

2.15 

0 2381 

0.111 

33 

84.0 

82.4 

65.7 

65 1 

2 15 

0.3170 

0.147 

33 

95 9 

92 9 

67.5 

68.7 

2.15 

0 3970 

0.185 

33 

102.9 

98.9 

64.4 

68.5 

0 55 

0.1181 

0 215 

22 

116.7 

113 7 

67 5 

75 0 

2.15 

0.5000 

0 232 

33 

121.7 

115 9 

65 0 

74.4 

0.55 

0 1587 

0 288 

22 

150 5 

147 0 

67 6 

86.9 

2 15 

0 6350 

0 295 

33 

150 9 

141.9 

63 6 

83 1 

0.55 

0 2381 

0 433 

22 

274 7 

265 2 

66 6 

130.6 

0 55 

0 3170 

0 576 

22 

645 6 

616 3 

77 6 

258 7 


TABLE 5 

Viscosity of holly honey at 25°C. 


R 

r 

r/R i 

h 



noo 


2.15 

0 1181 

0 055 

33 

238 1 

235 3 

212 6 

207.8 

2 15 

0 1587 

0 074 

33 

249 1 

245 2 

212.1 

208 2 

2.15 

0 2381 

0 111 

33 

265.1 

258 9 

206.4 

204.4 

2.15 

0.3170 

0 147 

33 

285 5 

276 7 

201 1 

204.5 

2 15 

0 3970 

0.185 

33 

306 0 

294 3 

191.8 

203.8 

2.15 

0 5000 

0 232 

33 

367.2 

349 7 

196.4 

224 6 

2 15 

0 6350 

0 295 

33 

451 2 

424 2 

190 1 

248 4 


TABLE 6 

Viscosity of sourwood honey at 26^C. 



r 

r/R 

h 


^x' 

Voo 


2.15 

0.1181 

0 055 

33 

73 7 

72 7 

65 7 

64 3 

2.15 

0 1587 

0 074 

33 

76 8 

75 5 

65 5 

64 1 

1.25 

0 1181 

0.095 I 

30 

79 2 

78 2 

64 8 

63 7 

2 15 

0 2380 

0 111 

33 

85 2 

83 2 

66 3 

65 7 

1 25 

0 1587 

0.127 

30 

89 0 

87.4 

66 9 

66 9 

2.15 

0 3170 

0 147 

33 

95.1 

92 2 

67 0 

68.1 

2.15 

0 3970 

0.185 

33 

104.3 

100 2 

65.3 

69 4 

1 25 

0 2381 

0 191 

30 

107.0 

104 2 

66 8 

71 6 

2.15 

0.5000 

0.232 

33 

121.3 

116 6 

65.4 

74 9 

1.25 

0.3170 

0 254 

30 

126.7 

122 4 

64.4 

76 0 

2.15 

0 6350 

0 295 

33 

150.1 

141.2 

63 3 

82.6 

1.25 

0.3970 

0.318 

30 

156.2 

149.7 

61.3 

84.9 

1.25 

0.5000 

0.400 

30 

216 0 

204 8 

59.6 

104 5 

1.25 

0.635 

0 508 

30 

372.1 

347 8 

61.3 

156.6 
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in which is the determined viscosity, the viscosity in liquid of infinite 
extent, and 6 is a constant. 

Equation 7 may be written as. 


^ _ 10"»r/8 ( 8 ) 

ij« - 6 

While there was some variation in the value of m, the average value was 
2.4, which is identical with the factor in the Ladenburg equation (equa- 
tion 3) for correction for the wall effect. 

It was also found that b is proportional to ij„, or, 

b = 0.700ij« (9) 


Substituting in equation 8 


and. 


Vz 0-7 1Q2.4r/« 

Vz, - 0.7 


( 10 ) 


^ = 0.3 X 10* + 0.7 (11) 

n« 


A table of values of 0.3 X 10*-* ’'''® as a function of r/R permitted the 
calculation of jj, for the data in tables 1 to 6. Somewhat more con- 
cordant results were obtained by making a correction for end effect, using 
equation 3 (Ladenburg’s). These values are given as ij,'. Values are 
also given for i?« as calculated by equation 11 and by means of Ladenburg’s 
equation (equation 2) for correction for the wall effect. It is at once evi- 
dent that while the Ladenburg equation is valid up to a value of r/R of 
about 0.100, equation 11 gives concordant results up to a value of r/R of 
about 0.500. Through the range of validity of Ladenburg’s equation, the 
two methods of calculation agree within reasonable limits. It should also 
be noted that the values for ij* for the hone3rs, as calculated by means of 
equation 11, show some tendency to decrease with increase in r/R. This 
drift is in harmony with the thixotropic properties of honejrs as previously 
discussed. 

SUMMAST 


An equation has been derived by means of which the wall correction for 
the falling sphere viscometer can be made for values of r/R up to 
about 0.500. 
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INTRODUCTION 

The use of the polyhydric alcohols in the titration of boric acid with alka- 
lies is a well-established analytical procedure. The increase of the dissocia- 
tion constant of the acid in the presence of various polyhydric alcohols 
and phenols was studied extensively by Boeseken (1). The subject was 
studied further and comprehensively reviewed by Mellon and Norris (2). 
The authors became interested in the fate of certain sugar alcohols and their 
anhydrides in the animal body (3, 4) and in bacterial culture media (5). 
The differences in effect were so striking that a comparison of the influ- 
ences of these substances on the titration curves of boric acid suggested 
itself. Previously van Romburgh and van der Burg (6) have measured 
the difference between the electrical conductivity of boric acid in mannitol, 
mannitan, and isomannide solutions. 

MATERIALS 

The mannitol used in this investigation was supplied through the 
courtesy of Merck and Company, Inc., Rahway, N. J. The aqueous solu- 
tion of the compound (1 : 10) is neutral to litmus and very slightly dextro- 
rotatory, The mannitan was prepared from mannitol by a slight modifica- 
tion of the method of Vignon (7), in which the dehydration is accomplished 
by means of sulfuric acid. The compound was acetylated and the resulting 
ester distilled in vacuo. The fraction distilling between 200-210°C. at 
10 mm. was saponified. The calculated percentage of acetic acid is 72.31; 
that found was 71.70. The mannide was prepared by the method devised 
by Liebermann (8). Analysis gave: C, 48.37 per cent; H, 7.32 per cent. 
The calculated values are: C, 49.27 per cent; H, 6.90 per cent. The iso- 
mannide was prepared by Fauconnier’s method (9) . The compound melted 
sharply at 87®C. (uncorrected). 

The dulcitol employed was Pfanstiehl’s c.p. product, m.p. 188®C., free 
from galactose. The dulcitan was prepared by Berthelot's method (10). 
Analysis gave the following composition: C, 43.79 per cent; H, 7.20 per 
cent. The calculated values are: C, 43.87 per cent; H, 7.37 per cent. 
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The following formulas indicate the structural relationships existing 
among the compounds. 


CHfOH 
HO-f!)— H 
HO— i— H 
H— (LoH 


1"' I 


OH 

in, OH 

Mannitol 


CH,OH 


H( 


O 




H— C— OH 
H— C— OH 
CHs 


Mannitan 

CHs-OH 

H— i— OH 
HO — C — H 
HO— i— H 
H— C— OH 

in, OH 
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HO— d: 
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in, OH 
Mannide 
CH,OH 

I 

H— C— OH 

I 

C— H 




-H 


O 


H-i- 
H— i— OH 

— in, 


Isomannide 


Dulcitan 


METHOD 

The solutions of the various compounds used contained 4 g. of compound 
in 100 cc. of 0.1 molar boric acid. To 10-cc. portions was added 0.1 normal 
sodium hydroxide in quantities varying from 1 cc. to 11 cc. Immediately 
after the addition of the alkali the pH of the solution was determined elec- 
trometiically at 25 d=0.5®C., using a Wilson (11) type hydrogen electrode. 
The results are set forth in figure 1. 

DISCUSSION 

It will be observed that the two hexahydric alcohols have practically 
the same dissociation-potentiating capacity on solutions of boric acid. The 
second anhydride of mannitol, namely isomannide, with two ring struc- 
tures in the molecule, does not possess the capacity to influence the dis- 
sociation of boric acid, and the titration curve for the acid containing iso- 
mannide is practically identical with that of the acid alone. The curv^ 
for the tw6 first anhydrides lie intermediate between the values obtained 
for the alcohols and those obtained for pure boric acid. 

The curve for the double anhydride of mannitol, mannide, shows this 
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substance to have a greater potentiating influence on the dissociation of 
boric acid than the first anhydrides. A comparison of this fact with the 
structure assigned to mannide by Liebermann (8) is incompatible with the 
hypothesis of Boeseken (1) , namely, that the strongly dissociating com- 
plexes of boric acid are formed when two hydroxyl groups are situated on 
the same side of adjacent carbon atoms to which they are bound. The 
authors observed the rather rapid conversion of mannide into mannitol 
in the presence of alkali. It is possible that the partial conversion of this 



Fig. 1, Titration curves of boric acid in the presence of certain sugar alcohols 

and their anhydrides 

double anhydride into the polyhydric alcohol is responsible for the observed 
effect on the titration curve. 


SUMMARY 

The influence of two polyhydric alcohols, mannitol and dulcitol, on 
the titration curve of boric acid has been studied. This effect has been 
compared with the action of the anhydrides mannitan, mannide, isoman- 
nide, and dulcitan. 
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INTRODUCTION 

The study of the mercury photosensitized decomposition of the ammo- 
nias at room temperature (2) showed that under comparable conditions 
ammonia decomposes eleven times faster than the ammonia-da. Part 
of this ratio can be ascribed to the lower quenching power of deutero- 
ammonia; this fact taken into account brings the decomposition ratio to 5. 
This corresponds to a difference in activation energy of 950 calories (1). 

It has been shown that the rates of decomposition on a hot tungsten wire 
yield the ratio 1.6:1, corresponding to a difference in activation energy of 
900 calories (3). 

It was considered of interest to find out how this difference in activation 
energy would affect the radiochemical reaction. 

EXPERIMENTAL DETAILS 

For this study the method of central irradiation was chosen. This 
allows both numerous runs and comparable conditions. The a-ray bulb 
was mounted in the center of a 100-cc. sphere in which the gases were 
submitted to irradiation. The gases produced by decomposition were 
pumped off, after the undecomposed ammonia had been frozen out, and 
measured in a Ramsay gauge. The ammonia could then be vaporized and 
a new run started, the same sample being used throughout the series of runs. 
The first run was systematically discarded. Because the decrease in pres- 
sure due to the removal of the products of decomposition is very small 
(about 1/1000 of total pressure), the experiments can be considered as 
carried out at the same pressure. 

It was not judged necessary to measure the emanation, because only 
relative values were wanted. The activity of all the bulbs used was of the 
order of 50 millicuries. 

For the runs at 20®C. the temperature was controlled by keeping the 
reaction vessel in a large Dewar flask filled with water. For the runs at 
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100*’C. and 184‘*C. th« veasel was kept in steam and aniline vapor, respec- 
tively. 

The gases used in these experiments were prepared by passing HjOand 
D|0 over magnesium nitride, obtained by interaction of purified nitrogen 
and magnesium at 700**C. The deuterium content of the hydrogen in the 
two samples of heavy ammonia submitted to reaction was 68 per cent and 
98 per cent. The last sample analyzed spectrographically before and after 
a long irradiation did not reveal a difference in deuterium concentration. 

DATA 

Influence of temperature 

The data on the decomposition of ammonia and deutero-ammonia are 
given in table 1. The first column gives the nature and the pressure at 
20®C. of the gas submitted to reaction. The temperature at which the 


TABLE 1 

Decompoailion of ammonia and of deutero-ammonia 


T IS “C. 

B 

AB 

AP 


NHa 


52.5 

20 

20 

20.3 

22 

100 

100 

100 

184 

64568 

61648 

57814 

53239 

48284 

45442 

42797 

■fgH 


218 

222 

224 

229 

418 

416 

415 

580 

ND, 

52.6 

100 

36381 

2378 

6.67 

281 


20.7 

33647 

2830 

4.92 

174 


100 

30333 

1694 

4.86 

286 


22.1 

28437 

2810 

5.03 

179 


100 

25337 

1810 

5.18 

281 


20.6 

23283 

2535 

4.49 

177 


184 

20603 

1 

2601 

9.21 

354 


ei^riments were carried out is given in the second column. The emana- 
tion E, present at the beginning, and the emanation LE decayed during the 
reaction are given in the third and fourth columns. These data are ob- 
t^ed from Kolowrat’s table, the sealing of the bulb being taken as origin. 
The pressure AF of the decomposed gases measured in a volume of 2 cc. 
is recorded in the fifth column. The sixth column shows the rate of decom- 
position AP/AE =■ R. The value of R for the decomposition of ammonia 
at 184®C. is obtained by extrapolation of Wourtzel’s curve, with which 
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our results at 20°C. and 100°C. are in perfect agreement. These data 
yield the following values for the ratios of the rates of decomposition. 


r in 'C 20 100 184 

fiNHy^ND, 1.27 1.47 1.64 


Influence of the concentration of D 2 

A sample of ammonia containing 68 per cent deuterium compared with 
the ordinary ammonia yielded the data contained in table 2. The columns 


TABLE 2 


Decomposition of ammonia containing 68 per cent deuterium 


PRBSSURB 

IN IfM 

T IN 

E 

AE 

AP 

R 

NHs 

54.9 

20.2 

92600 1 

6582 

11.98 

182 


20.0 

84926 

4490 

8.07 

179 


20.4 

78782 

6574 

11.90 

187 


R 


181 


NDs 


54.75 

20 1 
22 

21 

62462 

58275 

54567 

3232 

2977 

5034 

4.92 

4.52 

7.86 

152 

152 

154 

R 

153 



have the same significance as in table 1. These data in connection with 
those of table 1 give the variation of the rate of reaction with concentra- 
tion in D 2 . 

Concentration in per cent 0 68 98 

f2NHi/^N(H,Dy)i 1 0-84 0 79 

These data show a practically linear relationship between the rate and the 
deuterium concentration. 


DISCUSSION 

The rate of decomposition AP/AE is a function of the stopping power, the 
specific ionization, and the ion yield, 



C is a constant independent of the nature of the gas. All these data are 
well known for ordinary ammonia. A very careful determination of the 
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km yield has been made by A. Luyckx (5). In the case ctf the deutero-' 
ammonias S can be determined by Glasson’s law, giving the stopping 
power as a function of the atomic number: this gives She, » ^nd,- No 
determination of has yet been made, but as the specific ionization 
varies for simple compounds between rather restricted limits one can con- 
sider the specific ionization of proto-ammonia^ and deutero-ammonia as 
being practically equal. The fact that the rate of polymerization is the 
same for proto-acetylene and acetylene-da (4) seems to justify this assump- 
tion. It is thus safe to admit that the ion yields are very closely in the 
same ratio as the rate of reaction. The fact that this ratio, close to one at 
low temperature, rises with increasing temperature is in striking contrast 
with the reactions where the rate of reaction is determined by the activa- 
tion energy. It has been shown that the photochemical reaction of ammo- 
nia is a component of decomposition and partial recombination. This is 
most probably also the case in the radiochemical reaction. The lower ion 
yield, and especially its slower rise with temperature, cannot be ascribed 
to a more efiEicient recombination in the case of ammoniaKh, its activation 
of formation being higher than for ordinary ammonia. The lower ion 
yield has thus to be ascribed to the decomposition process itself. 

No satisfactory explanation is at hand, but the increase in ion 3deld with 
temperature for both ammonias points towards a chain-like mechanism, 
which is best explained by admitting the clusters formed by the molecules 
around an ion as reaction center. It is likely that it is the difference in 
growth in this chain, determined by the activation energy of the decompo- 
sition, which controls the ratio of the reaction rates. 

SUMMABY 

The rate of decomposition of ammonia-ds was compared with the rate 
of decomposition of ordinary ammonia and found to be inferior, to rise 
more slowly with increasing temperature, and, at constant temperature, to 
increase with decreasing deuteriiun content. 

I wish to express my heartiest thanks to Professor S. C. Lind, Director 
of the School of Chemistry of the University of Miimesota, for his advice 
and for placing his laboratory and the necessary amount of radon at my 
disposal. My thanks go also to Professor Hugh S. Taylor of Princeton 
University for Idndly supplying me with the necessary quantity of deute- 
rium oxide. 
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INTRODUCTION 

The present methods of measuring contact angles all require that the 
solid material be obtainable in some special shape, such as a flat plate 
or capillary tube. Many surfaces, for example, those of plant materials, 
occur in irregular forms and must be dealt with in situ, because of the 
inhomogeneity of the body. The chief value of the method herein 
described is that its applicability is largely independent of the form of 
the solid surface. 

Some of the earliest determinations of contact angles were made from 
measurements of the dimensions of bubbles and drops. The work has 
been confined to large drops, but the use of very small drops may be shown 
to possess several advantages : (1) Small drops may be applied successfully 
to small plane areas in an irregular surface or even to surfaces with an 
approximately constant degree of curvature. (2) Small drops show a 
much greater variation in height for small variations in magnitude of con- 
tact angle than do large drops. Accordingly, this dimension does not have 
to be measured with such extreme accuracy as is necessary with large 
drops. (3) Small drops assume the advancing angle of contact, while 
larger drops exhibit a fluctuating angle of contact varying roughly between 
the advancing and receding angles. 

Other generally applicable means of measuring contact angles are the 
various modifications of the tilting plate method (1), and methods depend- 
ing upon visual observation of the image of a drop, bubble, or meniscus 
projected upon a screen or photographic plate (7, 8, 3). It may be noted 
that in each of these methods the contact angle is measured at a single 
point on the surface. Such a procedure is somewhat unsatisfactory for 
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working with naturally occurring objects having variable surface properties. 
The proposed method has the advantage of yielding a value for the contact 
angle which is the integral of the sum of all the separate angles along the 
circumference of ibe drop. 

THBORY 07 THS SPHBBOIDAL SEOMKNT MKTHOD 

The principle of the spheroidal segment method is based upon the fact 
that the shape of a small drop of liquid having an acute angle of contact 
is only slightly affected by the influence of gravity. Consequently, the 
surface will be nearly spherical, and as a first approximation the drop may 
be considered to be a segment of a sphere. 

The angle between the horizontal plane through the base of the drop 
mid the tangent to the spherical surface at the point of contact is 

0 = 2 tan~* (h/x) (1) 

where h is the greatest height of the drop and x is the radius of the base of 
segfment. The distance x is easily measured on a scale in the eyepiece of a 
low power microscope, but the value of A is usually much smaller and more 
diflicult to measure. This is especially true in the case of small angles 
on a surface which is not perfectly plane. Another difficulty is the fact 
that small drops evaporate very rapidly if the surrounding vapor is not in 
equilibrium, a condition which is difficult to accomplish and even more 
difficult to maintain. 

The problem may be solved by substituting the volume for the height 
as a measurable dimension of the drop. The volume of a number of 
equally formed drops may be measured in an auxiliary reservoir and such 
measurements will be entirely independent of the shape of the solid surface. 
Furthermore, the volume measurement is made at the time the drop is 
first formed and is unaffected by subsequent changes caused by evapora- 
tion. It was observed experimentally that an evaporating drop main- 
tained its original radius long after its other dimensions, such as height, 
volume, and contact angle, had been considerably reduced. 

Thus from an experimental point of view, it appeared highly desirable 
to determine the contact angle from measurements of the radius and vol- 
ume of the drop. This may be done by expressing the value of A in equa- 
tion 1 as a function of the radius and volume of a spherical segment. The 
equation relating these quantities is 

A* + 3Ax* = 6(F/jr) (2) 

No simple algebraic expression for A in terms of x and V can be obtained, 
however. The solution of the cubic equation leads to a result in the form 
of two slowly convergent infinite series. 
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A preferable procedure is to transform equation 2 into the dimension- 
less form 

(tt/G) Qi/xY + {j/2) ih/x) = ^ 

and tabulate numerical solutions of h/x in terms of V /x*. Table 1 contains 
the values of h/x corresponding to values of V/x^ from 0 to 2.0944, this 
being the range within which the angle remains acute. 


TABLE 1 


Related values of Y f 7? and h/x 


V/x* 

h/x 

y / 2 » 

h/x 


0.0000 

1.1 

0.6206 

0.1 


1.2 

0.6656 

0.2 

0.1267 

1.3 

0.7089 

0.3 


1.4 

0.7504 

0.4 

0.2495 

1.5 

0.7904 

0.5 

0.3085 

1.6 

0.8288 

0.6 

0.3657 

1.7 

0.8659 

0.7 

0.4208 

1.8 

0.9016 

0.8 

0.4738 

1.9 

0.9361 

0.9 

0.5248 

2.0 

0.9695 

1.0 

0.5737 

2.1 

1.0018 


TECHNIQUE 

The solid to be investigated was imbedded on a parafiBned glass plate. 
The liquid was placed in a short length of glass tubing, one end of which 
had been drawn out into a very fine capillary. A spiral in the capillary 
tube facilitated the manipulation of the tip. Drops of the liquid were 
formed slowly on the tip by gravitational force. By touching the glass tip 
to the solid surface at definite time intervals, drops of a constant and 
reproducible size were detached. Ten or more drops were measured at a 
time so that each determination yielded a truly average result. To 
minimize evaporation the solid and supporting plate were enclosed in a 
low form weighing bottle. The cover of this bottle was fitted with a win- 
dow of optically plane glass. The diameters of the drops were observed 
through this window in the ocular scale of a low power microscope. The 
volume of liquid used for a given number of drops was obtained by meas- 
uring the difference in height of the liquid in the upper part of the glass 
tube before and after the drops were removed. Since the diameter of the 
tube was known, the cylindrical volume could be calculated. 

In this investigation a tilting plate method and a direct observation 
method were used in order to check the measurements made by the sphe- 
roidal segment method. The procedure used in the tilting plate method 
was that of Adam and Jessop (1). In the visual observation method the 
apparatus was arranged so that the drop could be viewed directly in a 
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loiciOBCope. The eyepiece was fitted with an accurately centered cross* 
line micrometer disc and a pointer which indicated the angular measure on 
a scale fastened around the draw tube of the microscope. The ^ass tip 
on which the drop formed was allowed to remain on the surface under 
lamination, so that expanding and contracting drops could be produced 
by changing the air pressure at the other end of the glass tube. 

TABLE 2 

Effect of drop size upon the contact angle 


Distilled water on apple wax 


BAD1U8 OF DBOP 

VOLUlfK OF DROP 

CONTACT ANGLE COBBSCTEO 

cm. 

cm.» 


0.1562 

0.00365 

58° 

0.1212 

0.00142 

50“ 

0.0773 

0.00039 

53° 

0.0687 

0.00038 

66° 

0.0663 

0.00041 

74° 

0.0601 

0.00046 

90°20' 

0.0560 

0.00035 

88°30' 

0.0418 

0.00015 

89°30' 

0.0390 

0.00012 

88°50' 


TABLE 3 

Comparison of contact angles obtained by different methods 




1 ANGLE OF CONTACT 

SYSTEM 

METHOD 






Spheroidal segment 

89° 1 


Dinf.illed water on azobenzene - 

Tilting plate 

Direct observation 

o o 

SS 

o o 



Spheroidal segment 

48° 


0.05 per cent soap solution on paraffin... 

Tilting plate 

48° 

1 27° 


Direct observation 

49° 

30° 

Distilled water on apple wax | 

Spheroidal segment 
Tilting plate 

89° 

87° 

62° 


DISCUSSION OF BESULTS 

Bartell and Hatch (2) found that a series of fairly large drops detached 
from a capillary tip formed widely different angles of contact on the an-mp 
surface. This observation is confirmed by the results contained in the 
upper portion of table 2. But it is apparent that if the drop is made arnn.!! 
enoufl^ the angle attains a constant maximum value, table 3 it |s 
shown that this maximum is the advancing contact angle. 
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It has been shown (6, 9) that both expanding and contracting drops or 
bubbles may be caused to assume an equilibrium contact angle by tapping 
the support. This is true only for large drops, for vibration had no effect 
upon the advancing angles formed by small drops. Recent work has 
seemed to indicate that advancing and receding angles are themselves 
equilibrium angles for the surface under each of two different conditions 

( 4 ). 

From the foregoing it appears that the ease with which a drop may be 
made to spread further over a solid surface after having formed the ad- 
vancing contact angle depends largely upon the drop size. The hydro- 
static pressure due to the weight of the drop is exerted in the direction of 
further spreading. The capillary pressure within the drop is opposed to 
any extension of the liquid air surface. Since this pressure is inversely 
proportional to the radius of curvature, it will be greater in small drops. 
Hence with increasing drop size both the hydrostatic and capillary forces 
favor the probability of irregular extension of the drop. 

CORRECTION FOR THE EFFECT OF GRAVITATIONAL FORCE ON THE FORM OF 

THE DROP 

In the past considerable discredit has been cast upon sessile drop meth- 
ods because unwarranted assumptions were made in the development of 
the mathematical equations to describe the form of the capillary surface. 
Therefore, in order that the proposed method may be employed with 
confidence, it is necessary to examine critically the effect of gravitational 
force upon the shape of the drop. The formulation of a correction term 
to compensate for this deviation from the spherical form would serve not 
only to evaluate the error due to this source, but also to determine the 
range of conditions within which the error is sufficiently small so that it may 
be ignored. 

Consider a drop of liquid renting upon a solid surface OP under the 
influence of gravity and surface tension. In figure 1 the solid lines PR 
and PR' are the actual forms of two drops making contact angles of B and 
B' with OP. The dotted lines PQ and PQ' represent spherical surfaces and 
are the forms which the drops would assume if the gravitational force were 
removed. The surfaces PQ and PR have a common tangent PM, and 
PQ' and PR' also have a common tangent PM', 

The measured quantities are x and F, where V is the volume generated 
by rotating the area OPR about the OR axis. The equation for the contact 
angle requires that the volume be enclosed by a spherical surface. A 
spherical surface PQ' can be constructed such that the volume under PQ' 
is equal to that under PR (the true volume of the drop). This volume Ls 
used to calculate h, and the value of h/x thus obtained yields a value of 
B'/2 or B' which is somewhat less than the true angle of contact B. 
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By evaluating the small distance e, the true contact angle may be found 
from the equation 


tan (6/2) = (h + e)/x (4) 

In order to calculate e we need to have given the approximate angle of 
contact the radius z of tiie drop, and the capillary constant a of the 
liquid. I^om S' and x the volume V' of the spherical segment POQ' may 
be calculated by geometrical methods. For the same angle O', the volume 



Fig. 1. Outline of a drop of liquid resting upon a solid surface under the in* 
fluence of surface tension and gravity. 

of the actual drop FOB' may be calculated from the tables of Bashforth and 
Adams (5). Let the difference between the two volumes be AV' = 
VeoQ' — VpoB'. If (0 — O') is small, AV' will be very nearly equal to 
AF = V POQ— VpoH. Since by construction Fpos = Fwo', 

AF = VpOQ — VpOQ' 

= («-/6) [(A + e)* -I- 3x*(h + c) - (A* -|- 3x*A)] 

Since e is very small, the term e* may be ignored and the equation re- 
duces to 


e*A + e(x* + A*) - 2AF/ir - 0 


( 6 ) 
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The general solution of the quadratic equation for e may be expressed in 
the form 


e 




8hAV 

x(x* + 


The terms within the brackets may be expanded in series according to the 
binomial theorem. After simplifying and expressing in numeric form, 
the equation becomes 


e 2Ay/xx‘ (2AV/irxW/x) 2(2AV/wx*)Kh/xy 

x“[i + (v®m [i + (W]-» ^ [i + (W]-» 

TABLE 4 

RelaUd values of d', x/a, and AV/x^ 


Values of aV/x’ are given in the body of the table for the corresponding values of 

0' and x/a along the margins 


! 

x/a 

0.1 

02 

03 

0.4 

05 

90 



0.085 

0.143 

0.208 

85 



0.062 

0.105 

0.154 

80 

0.008 1 

0.021 

0 046 

0.078 

0.115 

75 


0.016 

0.034 

0 059 

0.088 

70 


0.012 

0.026 

0.045 

0.068 

65 

0,003 

0.009 

0.020 

0.035 

0.053 

60 

0.003 


0.016 

0 027 

0.041 

50 



0.010 

0.017 

0.026 

40 


0.003 

0.006 

0.011 

0.016 

30 



0.004 

0.007 

0.011 

20 



0.002 

0.004 

0.006 

10 



0.001 

0.002 

0.003 


Substituting this value of e/x in equation 4, one obtains 

tan (6/2) = tan (0'/2) + (2AF/xx*) cos*(fl'/2) — (2AV'/xx®)* tan {d'/2) 

cos' (072) + (7) 

The series is convergent if 

[(8AF/xx») tan (072) cos' (072)]* < 1 

It is apparent that no error need be involved in the previous assumption 
that AF' = AF, since a more exact value of AF may be obtained by 
successive approximations to the value of 0. Practically, the first approxi- 
mation is well within the experimental error. 

The relative magnitude of the correction terms in equation 7 may be 
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shown by means of an example. Suppose a drop of water to have tibe 
following characteristics : surface tension, 72.8 dynes per centimeter; radius, 
0.1 cm.; contact angle, 90®. Then F = 6.6 X 10~* cm.*, and the total 
correction due to the influence of gravity is 4-l®10'. In equation 7 the 
error in i^oring all correction terms beyond the first is — 0®0'44". If the 
angle of contact is reduced to 60°, the radius and surface tensidn remaining 
the same, the total correction is only +0°29'. These calculations make it 
apparent that for the present purpose the gravitational effect is of little 
practical importance in measuring small contact angles. 

CORRBCnON FOB THE CUBVATHBE OP THE SOLID SURFACE 

The application of the method can be extended to include solid surfaces 
with an approximately constant degree of curvature. Two corrections 
to the determined angle of contact must be made. First the tangent to 

TABLE 5 


Corrections for curvature of the solid surface 
R/x « 20 


$ 

ANGULAR CORRBCTXON +2*52' 

Volume correction 

Net correction 

90 

-0‘’41' 

-h2‘’ir 

75 

-rr' 


60 

-I'as' 


45 

-2°3' 

+0°49' 

30 

-2°27' 

+0-^' 

15 

-2^45' 

+0”7' 

0 

-2*^52' 

+0°0' 


the solid surface at the point of contact is inclined at an angle to the 
horizontal plane through the base of the drop. This additive correction 
is partially counterbalanced by that due to the small solid segment which 
projects above the base of the drop. 

If a: is the radius of the drop, and B is the radius of curvature of the solid 
surface, the angular correction is given by the equation 

tan «/2 = R/x - y/{R/xY - 1 

The change in contact angle caused by subtracting the volume of the solid 
segment from the volume of the drop may be calculated from 0 and x 
according to the methods previously given (equations 1 and 3 and table 1). 
While the angular correction depends only upon R/x, the volume correc- 
tion is also a function of the contact angle. Table 5 shows the relative 
values of these corrections when R/x = 20. The angular correction is 
almost exactly inversely proportional to R/x, and the volume correction 
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deviates only slightly more from the linear relationship. Hence for 
practical purposes, table 5 may be used for any value of R/x, It is only 
necessary to multiply any given correction by the appropriate value of 
20 
Rlx 

SUMMARY 

A method has been devised for the determination of acute angles of 
contact which is largely independent of the form of the solid surface. It was 
shown that the contact angle is a ftmction of the radius and volume of a 
small spherical drop of liquid. 

An equation has been developed for evaluating the effect of gravita- 
tional force upon the form of the drop. 

The validity of the method has been checked by repeating the deter- 
mination of the contact angles upon the same materials by two different 
methods. Satisfactory agreement was obtained in all cases. 

The author wishes to express his appreciation to Professor F. E. Bartell 
for much helpful advice. 
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INTRODUCTION 

It has been suggested in a previous communication (3) that widely vari- 
ant surface energies may exist at closely adjoining points on a surface. 
Well-substantiated theory as to the surface structure of solid catalytic 
materials is in accord with this view (7). The ‘‘active patches^^ on the 
catalytic surfaces are an extreme example of irregularity in the surface 
energy, but it seems reasonable to suppose that such irregularities may 
exist to a lesser degree in nearly all ordinary surfaces. Photographic 
evidence in support of this proposition appears in the work of Wark and 
Cox (9), who found that the same air bubble under a mineral surface wet 
with water might have an angle of contact on the right side different from 
that on the left. 

Instead of measuring the contact angle directly, it may be calculated 
from the dimensions of the drop. The angle so obtained may be regarded 
as the integral of the sum of all the various contact angles existing along the 
circumference of the drop. Thus each determination yields an average 
result not unduly influenced by irregularities at a given point on the surface. 

For precise determinations the method should have an especial advantage 
over the usual procedure of direct measurement, because the error in 
personal judgment involved in drawing the tangent to the curved drop 
surface at the point of contact is eliminated. This error becomes increas- 
ingly important as the contact angle approaches 180®, while the dimensions 
of the drop may be measured with the same degree of accuracy as before. 

If the image of the drop is recorded on a photographic plate, the capillary 

^ Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20-22, 1935. 

Approved by the Director of the New York State Experiment Station for publi- 
cation as Journal Paper No. 94, June 19, 1935. 
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constant of the liquid may be determined, without any additional experi- 
mental data, by the method of Dorsey (2). This serves as a valuable 
check upon the purity of the liquid-air interface and upon the reliability 
of the contact angle determination. 

THSORBTICAL 

The tables of Bashforth and Adams (1) give the necessary information for 
calculating the contact angle from the dimensions of the drop. For the 
present purpose a considerable rearrangement of their data was necessary, 
because the units tabulated by them cannot be readily calculated from 
experimental data. In choosing other tmits, those have been selected 
which may be measured precisely or which may be readily calculated from 
other experimental data. 

The most easily measured dimensions of the drop represented by figure 1 
are the total height z and the radius r. These two lengths determine the 



Fio. 1. Outline of a drop AOB resting upon the horizontal plate AB 

size of the drop. Unfortunately, the contact angle depends not only upon 
the size of the drop but also upon its shape. In a drop of given size, the 
shape may be related to the capillary constant a of the liquid, or to the 
radius of curvature at the apex of the drop (6 in figure 1). The contact 
angle is thus a function of two independent variables. Hence the contact 
angles contained in the body of table 1 must be related to both the size 
factor z/r listed in the vertical column at the left and to the shape factor 
r/h arranged in the horizontal column at the top of the table. 

The procedure employed in making up table 1 was as follows: The 
original Bashforth and Adams tables contain, for each 5° interval of 0, 
values of z/h corresponding to given values of r/h and |8 = 25*/o*. The 
values of z/r were found by dividing z/h by the corresponding value of 
rfh. Then for each value of 0, the values of z/r corresponding to equal 
increments of r/h were obtained by numerical interpolation. For each 
even value of r/b so obtained, the values of 0 corresponding to equal incre- 
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ments of z/r were determined. This could be done with sufficient accuracy 
by means of graphical interpolation. The values of B are correct to the 
nearest 0.1®. This error is well within the accuracy of most experimental 
data. 

The calculations for the factor r/6 have been extended only to rjh = 0.90. 
This is far enough to include a drop of water nearly 4 mm. in diameter. 

TABLE 1 

Valuer of B corresponding to related values of zjr and r/b 


* h 



1.00 

0,09 

0 98 

0 97 

0 96 

0 96 

004 

0 93 1 

0 92 

0 91 

0 90 

0 90 










90.6 

91 5 

0 95 





90.1 

90.9 

91.8 

92.7 

93.7 

94.6 

95.6 

1.00 

90.0 

90.8 

91.7 

92.5 

93.5 

94.4 

95.4 

96.4 

97.5 

98.7 

99.8 

1.05 

92.9 

93.8 

94.8 

95.7 

96.8 

97.9 

99.1 

100.4 

101.6 

102 9 

104.2 

1.10 

95.7 

96.8 

97 9 

99.1 

100.31 

101 6 

102 9 

104 3 

105 7 

107.3 

108 8 

1.15 

98.6 

99.9 

101.1 

102.4 

103.91 

105.3 

106.8 

108.5 

110 1 

111.9 

113.7 

1.20 

101 5 

102.9 I 

104.3 

105.9 

107.51 

109 1 

110.9 

112.8 

114.7 

116.8 

118 9 

1.25 

104.5 i 

106.0 i 

107.6 

109.4 

111.2 

113.1 

115.1 

117.3 

119.6 

122 0 

124 6 

1.30 

107.5 ; 

109 2 

111 0 

113.0 

115.1 

117.3 

119.7 

122.2 

124.9 

127.8 

131 0 

1.35 

110.5 

112.5 

114.6 

116.8 

119 2 ! 

121.8 

124.6 

127.6 

130.8 

134.3 

138 3 

1.40 

113.6 

115.8 

118.2 

120.8 

123.5 

126.5 

129.9 

133.5 

137.6 

142.0 

147.3 

1.45 

116.7 

119.3 

122.1 

125.1 

128.3 

131 8 

135.8 

140.3 

145.5 

152.1 

161 4 

1.50 

120.0 

123.0 

126.1 

129 8 

133.4 

137.7 

142 8 

148.9 

157.1 

173.3 


1.55 

123.4 

126.5 

130.4 

134.6 

139.2 

144.8 

151.2 

161 8 




1.60 

126.9 

130.8 

ia 5 .i 

140 1 

146.1 

153.8 

167.0 





1.65 

130 5 

135.1 

140.3 

146.7 

155.0 

171 6 






1.70 

134.4 

139.8 

146 4 

155.1 

174.2 







1.75 

138.6 

145.1 

153.9 

171.5 








1.80 

143.1 

151.4 

165 9 



t 






1.85 

148.2 

159.8 










1.90 

154.2 











1.95 

161.8 











2.00 

180.0 












It haa been shown (3) that greater precision in contact angle measurements 
can be attained by the use of small drops. Hence there is nothing to be 
gained by working with larger drops of correspondingly flatter shape. 

The quantity b used in table 1 cannot be experimentally determined 
except by optical methods unsuited to the attainment of the requisite 
degree of accuracy. It may be readily calculated, however, from the value 
of the capillary constant a. The simplest relation between a and b is 
given by the equation 


h = 


a* 

b 


( 1 ) 
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where h is the height of rise of the liquid in a capillary tube of unit radius. 
By substituting this value of A in Rayleigh's equation (4) for a in terms of 
r and A, and transforming, a solution for b is obtained in the form of an 
infinite series, as follows: 


b=.r + ^-^(Sioe2 
^3a* 9o<^ 


2) +^.(78 log 2 -53) 


( 2 ) 


Verschaffelt (8) has developed equation 2 in this form as far as the third 
term on the right-hand side of the equation, and has pointed out its useful- 
ness for calculating the value of 6. By taking known values of b from the 
Bashforth and Adams tables, substituting the corresponding values of r 
and a in equation 2, and solving for 5, the error involved by leaving ofif 
successive terms of the infinite series may be calculated. This procedure 
reveals an interesting fact which no one appears to have noticed heretofore. 
The last two terms in equation 2 add very little to the accuracy of the 
approximation even when r/a is small. For larger values of r/o, these 
latter terms actually increase the error beyond that existing after the 
calculation of the second term. The simplified equation 


r ^ 3 a* 


(3) 


is amply sufficient for the present purpose. For r/a — 0.5, the error in 
calculating b from equation 3 is 0.06 per cent, from equation 2 it is 0.05 
per cent. These amounts are insignificant in comparison with the experi- 
mental error in determining the contact angle. 

A fiuther advantage in the use of equation 3 is that the value of a need 
be known only approximately. An error of 1 per cent in the determination 
of a produces an error of only 0.06 per cent in the value of b when r/a =» 0.3. 
The value of r/a must be determined with great precision only when B 
approaches 180®. For smaller angles, the values of r/a and r/b have 
much less effect on the determination of B. 

Sugden (6) has published a table which may also be used for finding 
r/b vriien r/a is known. 


EXPEBIMENTAl. 

The apparatus necessary to measure the dimensions of the «mn.ll drops 
and bubbles consists of the following items. A low-power microscope is 
equipped with a filar micrometer eyepiece or a camera attachment. The 
solid surface requires a holder adjustable by rack and pinion movements 
in three directions. A microburet of the type used by Behberg (5) is 
needed to form the very small bubbles and drops. The solid holder and 
the tip of the microburet project downward through the glass cover into an 
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nl)S()rj)iion f*(‘ll witli jilanc* glass sides. Th(‘ cell holds tin* liquid into which 
air bubbles are blown, and, in the case of drops in air, it prob^et.s the surfac(‘ 
ironi contamination by dust particl(\s. Rapid evapcn^ation of X\w very 
small drops is jireventc'd by previously saturating tlu^ air within the c(*ll 



I k; 2 drop on parafhn solidifiod in moist aii . z 'l — J 2S1 ; /•//> ~ 

0 (calculated) - 107 7 ; = 107 o ty. = 102 S . 



I'K; ,‘T Watei diopon paraflin solidified in moist aii. z r = \ 289; / h 0 97r»S, 
(f (calculated) -- 107.9 ’; Oi = 107.1"; t#. = 107.8 . 

with tlu' vapor from otluo* drops of tlu^ sanu' liquid. A comi^iarator oi 
travilling mi(*roscop(‘ is conviMihmf for m(*asuring th(‘ small distances on 
Mie photographic plat(‘s, jiarticularly if th(‘ (‘apillary constant is to bi* 
(hdermined by Dorsey’s method (2). 
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The following cases will serve to illustrate the use of the proposed method 
of determining contact angles. The paraffin surfaces shown in figures 2 
and 3 were solidified in air of 60 per cent humidity and then kept for on(^ 
hour in the C('ll containing saturated water vapor. The drop in figure 2 



Fig. 4. Water drop on paraffin solidified in dry air. zir = I.IflO; //b = OOttV); 
e (calculated) = 1(18 = 109.8°; fl. = 108.0°. 



Fig. Air bubble under paraffin immersed in 0.01 per cent souj) soL.tion. z, r = 
1.391; r/h = 0.9615; 9 (calculated) = 180 - 122.4 = 57.0°; 9, = 57.8°; 9, = .''.7.0". 

was selected as an extreme ('xample of irn^gularity iji a paraffin surfa('(\ 
It is apparent that the low vahu* of the contact angl(‘ on the right sid(‘ of 
the drop is not characteristic of tlie surfa(*e as a whole. The ol)serv(»d 
angle on the left side agrees well with the calculated valu(\ Figure 3 shows 
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a much larger drop a little^ more than 2 mm. iji diam(*t(*r, whil(‘ in figure' 4 a 
fairly small dro}) of h'ss than half that size is shown. In the* lattc'r ease 
the j)araffin was solidifie'd in air dried over ])hosj)horus j)entoxid(*, and the 
photograph was takeui immediately afteu- the' surface* was plae*eal in the* 
abse)rptie)n e‘e41. 

The* nu'the)el may he' aj)|)lieHl te) bubble's as we*ll as dre)ps (figure's 5 anel (>). 
The' paraffii] surfae*e' is imme'rse'el in aeiueenis sedutieins e)f a jH’oprie'tary 
spre'aeling age'iit, ajul air bul)ble‘s are fenane'd eni the* unele'r side* e)f the* plate. 
The elisaelvantage' of dire'e't me'asure'ine'nt is e'vide'iit in figeire t). As the* 
eemtae't angle aj)|)re)ae*hes ISO®, it be'(‘ome‘s ine*re‘asingly eliffie*ult to draw the 
tange'Ut te) the* e*urv('d surface at tlie* pe)int e)f e'e)ntae*t. The elime'iision.s 
anel h maj’ still be' ele'te'rmine'el with the* same* elegree' e)f aee'uraey, 
ho\\e*\'e*r. 



Fkj e». An hul)hl(‘ luidci priiaflin iinmt'iMMl ml) 1 percent '^(»ap m)1uIi(ui c / = 

1 Ci.'iP; / - I) :mV); 0 (eal<Milat('<n = ISO ISO --- 0 i 0 :> 

SX’MMAKV 

A me*the)el lues be'e'ii pre)]ie)>e'el for ele'te'rmining e)btuse' e*e)ntae*t angles 
fre)m me'asure'ine'nts e)f thi'e'e* elime'nsie)ns e)f se'ssile* elre)ps e>f bubble's uneler a 
jdate*. The'se* elinu‘nsie)ns are* the* vertie*al height c, the* he)i‘ize)ntal raelius r, 
anel the* radius e)f e*urvature* b at the* apex e)f the* eur\e'el surfae'e*. 

A simplifie'el e'e|uatie)n is give'u fe)r e’ale*ulating the* Nalue* e)f h fre)ni that e)f 
the* e*apillary e*e)nstaiit e)f the liciuiel. 

The pro])e)seel me'the)el is she)W'n te) have seve'ral advantage's ejve'i* the* elire'ct 
me'theiel e)f me'asure*nu'ut with a protraete)r 

RKFKKKNt FS 

(I) bASHFe)UTH KNi> Adxms: All Atte'inpt to Te'st the* Tli(*oi\ of (’apillary Action. 
( 'iimhridgo (ISHil) 
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The CONCENTBATION OF FOBEIGN SUBSTANCEB IN SOLUTION RELATIVE 

TO THE Quantity Adborbed by the Host Crystal' 
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Received June BO, 19SS 

A number of explanations have been offered from time to time to account 
for the adsorption of impurities by crystals, but no satisfactory theory has 
yet been completely developed to accoimt both for the selective nature of 
this adsorption and for the modifications of habit engendered in the host 
crystal by the impurity. 

A review of the literature relevant to this problem reveals three general 
types of papers: (a) those attempting to find relationships between the 
amount of adsorbed material in the crystal and its concentration in the 
mother liquor (2, 3, 7, 8, 9, 10, 11, 20, 21, 22, 27, 28, 30, 34); (b) those at- 
tempting to account for the modifications of habit produced in crystals 
that are grown in the presence of impurities (1, 16, 18, 19, 24, 32); and (c) 
those presenting a general theory of the adsorption of impurities by grow- 
ing crystals. The explanations offered by Buckley (4) and by France and 
coworkers (5, 12, 13, 14, 23, 25, 26, 29, 35) have been compared in an 
earlier paper (35). It has been suggested also that adsorption of impuri- 
ties leading to habit modification is due to the same cause as oriented 
overgrowth (17). A close relationship between mixed crystal formation, 
adsorption of impurities by crystals, and oriented overgrowth has been 
found by Bunn (6) in the conditions necessary for their occurrence. He 
points out that mixed crystals and crystals built up by a continuous adsorp- 
tion of impurity differ only in degree, and that the condition necessary for 
strong adsorption is similarity of lattice structure and interatomic dimen- 
sions in specific planes only of the two substances involved. This condi- 
tion is the same that is known to be necessary for oriented overgrowth of 
different crystals on one another. Royer (31) has reached similar conclu- 
sions. In addition he finds (a) that the ions of the oriented crystal which 
replace those of the crystal support must have the same polarity as the 
latter, and (b) that the mode of linkage must be the same for replaced and 
replacing ions. 

‘ Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
aO-22, 1935. 
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The development of a successful general theory has been impeded by two 
factors, — ^namely, the failiue of workers to base conclusions of a theoretical 
nature on a sufficiently wide and diversified selection of data, and the 
absence of quantitative studies. The second of these factors is the more 
important, for \mtil quantitative data have been assembled the laws 
governing the adsorption of impurities and the resultant habit modifica- 
tions cannot be correctly known. 

Therefore the chief purpose of this investigation was to determine quanti- 
tatively the relation between the concentration of impurity in solution and 
the amount of impurity adsorbed by a crystal grown spontaneously under 
equilibrium conditions. The substances selected for study were alkali 
halide crystals grown in the presence of urea as impurity, urea grown in the 
presence of alkali halides, and crystals of barium and lead nitrates and of 
ammonium and potassium alums grown in solutions containing various 
dyes. The halides ammonium chloride, sodium chloride, potassium chlo- 
ride, and potassium bromide were chosen because their crystal structure is 
well known, and because urea greatly modifies the habit of sodium chloride 
and anunonium chloride and has very little effect on potassium chloride 
and potassium bromide. The nitrate and alum crystals were grown in the 
presence of dyes as a continuation of work on habit modification previously 
carried out in this laboratory. 

Alkali halide crystals were grown from saturated salt solutions made up 
to contain a range of concentrations of urea. Crystallization took place 
at room temperature (23'’C.) in 3-inch crystallizing dishes provided with 
paper covers to keep out dust and air currents. The crystals were removed 
for analysis after approximately 5 per cent of the salt had crystallized out. 
They were washed once with water and dried at room temperature. The 
same procedure was followed with urea crystals grown in the presence of 
alkali halides and with nitrate and alum crystals obtained from solutions 
containing dye. Thirty-one sets of crystals were grown and analyzed, 
each involving on an average ten concentrations of impurity. In some 
cases several sets of crystals were grown and analyzed for the same pair of 
substances. 

The number of moles of adsorbed impurity per mole of host crystal were 
determined in both the solution and solid p^es for all crystallizations 
made. The crjrstals containing adsorbed dye were analyzed for dye 
content, using a Duboscq type of colorimeter. Analysis for halide present 
in urea crystals and in the ammonium chloride crystals contaminated with 
urea was made by titration with silver nitrate, using a dichromate indicator. 
The other alkali halide crystals containing urea were analyzed for urea 
content by a gas analysis method involving the reaction between urea 
and alkaline sodium hypobromite to produce nitrogen. 

An ultramicroscopic examination was made of two solutions containing 
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dyes, to observe any possible relation between the concentration of col- 
loidal particles in the solution and the amount of dye taken up. X-ray 
powder spectrographs were made in several cases, in order to discover any 
change in lattice constants produced by the impurity. Optical examina- 
tions with a polarizing microscope were made of a number of crystals to 
observe the presence or absence of dichroism. 

The data obtained disclose the following facts about the nature of the 
adsorption process. 

(1) A plot of the number of colloidal particles observed ultramicro- 
scopically against the concentration of dye in the solutions studied shows 
that a linear relation exists between the two quantities. On the other 
hand, the amount of dye taken up by the crystals obtained from these 



solutions plotted against the dye concentration follows a type of exponen- 
tial curve which starts at a considerable distance from the origin (cf. 
curve 1, figure 1). It must therefore be concluded that in the crystals 
studied the amount of dye taken up is not related to the number of col- 
loidal particles present in the dye-salt solutions. These results are in 
agreement with those obtained by one of us in earlier studies of a somewhat 
similar nature (14). 

(2) A careful checking of four x-ray powder spectrographs for the four 
pairs of substances (1) pure sodium chloride-sodium chloride -1- urea, 
(2) pure sodium chloride-sodium chloride -f chromic chloride, (3) pure 
urea-urea sodium chloride and (4) pure lead nitrate-lead nitrate + 
methylene blue showed that in all cases there was no displacement of the 



180 


WSBLBT O. FRANCB AND PHOEBE P. DAVIS 


lines produced by the contaminated crystals, and therefore no appreciable 
change in the lattice constant due to the adsorption of impurities. This 
interesting result is in agreement with work reported by earlier investigators 
(13, 33). The absence of lattice distortion may be due to (a) the presence 
of too little impurity to produce a perceptible distortion, (b) some type 
of interstitial adsorption such that the host crystal envelopes the molecules 
of impurity without alteration of its space lattice, or (c) similarity of the 
lattice constants in one plane of the host crystal to those in one plane of 
the foreign crystal so that deposition occurs in such a way that the similar 
planes coincide. 

(3) Pronormced dichroism was observed in thirty-one out of thirty-two 
crystals of ammonium alum colored with Pontamine Sky Blue 6B, and a 
characteristic but less pronounced dichroism was shown by ammonium 
alum crystals colored with crystal violet. This dichroism may be ac- 
counted for by the assiunption that the dye molecules arc oriented with 
respect to themselves and to the face on which they are adsorbed. The 
color effects observed under the polarizing microscope lead to the view 
that the dye molecules were probably adsorbed with their long axes per- 
pendicular to the cube faces of the alum crystals. Neither potassium nor 
ammonium alum crystals colored with dye No. 11 showed dichroism; 
several types of random distribution of dye molecules might lead to this 
absence of dichroism. 

(4) Points shown in figures 1, 2, and 3 show typical results obtained when 
o, the concentration of foreign material deposited in the crystals expressed 
as moles of foreign material per mole of host crystal, is plotted against c, 
the number of moles of impurity per mole of crystal in the solution. The 
curves obtained in similar plots of thirty-one sets of crystallizations were 
tested to determine whether or not they were described by the more 
common adsorption eqiiations, including the adsorption isotherm and 
Langmuir’s equation for monomolecular adsorption of gases. 

Figure 4, constructed from the same data as that in figure 1, shows that a 
curve is obtained instead of a straight line as required by the logarithmic 
form of the equation of the adsorption isotherm. Likewise a curve results 
(figure 6) instead of a straight line when the c/a and c values, obtained from 
a rearrangement of the Langmuir equation in which the concentration c 
is substituted for the pressure p, are plotted against each other. From 
figures 4 and 5 it would seem that something more than a simple adsorption 
process describable by either the adsorption isotherm or the Langmuir 
equation is involved when a dye is taken up from a solution by a growing 
salt crystal. Freimdlich (15) has shown that the retardation of crystal- 
lization by varying quantities of foreign substances is expressed by an 
exponential of the same form as the adsorption isotherm. This would 
in^cate that an adsorbed layer of impurity expressed by the adsorption 
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isotherm is formed at the surface of a growing crystal. It is evident from 
the failure of the curves obtained in this study to pass through the origin 
(cf . figures 1 and 2 as typical examples) that either some condition exists or 
a process occurs during crystal growth which prevents, at least at low dye 



C 

Fig. 2 



c 

Fig. 3 

concentrations, the incorporation of the expected amount of dye in the 
growing crystal. 

An attempt was therefore made to find an empirical equation relating 
a and c, which would take into account this counter-adsorption process. 
It was assumed, partly from the appearance of the a-c curves (curves No. 
1 in figures 1 and 2) and partly from the tendency of the log a-log c curves 
(figure 4) to become linear at high values of c and a, that the counter- 
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adsorption process is significant only at low values. Values of A; and 1/n 
were then found for the adsorption curve which reproduced the best smooth 
curve through the experimental points at higher concentrations. The 
lower part of the curve was then found to be obtainable by assuming that 



Fig. 4 



the counter-adsorption process was represented by an expression of the 
form 


o' = fc'c-W"' (1) 

and that the e]q)erimental curve was the difference between an adsorption 
isotherm and this second exponential. Thus the experimental data are 
expressed fairly well in ail cases by the relation 

a = he'''* — 


( 2 ) 
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The significance of the second term in the right-hand member of the 
equation is not completely evident; but it seems to indicate that whatever 
the nature of the counter-adsorption process, it is a function, primarily, of 
the dye concentration, is infinite at zero dye concentration, and rapidly 
approaches zero even at low concentrations. This conclusion, together 
with the results obtained in earlier work of the authors on the effect of 
stirring and growth ratios on the habit and dye adsorption of alum crystals 
(29), suggests the following explanation for the failure of the curves to pass 
through the origin. Those faces of a normally growing crystal having the 
stronger fields of force are the ones that experience the most rapid per- 
pendicular displacement. As a result of this rapid growth there is a 
tendency to lower the concentration of the crystal ions in the layer of 
solution adjacent to the rapidly growing faces. Any effect acting to 
maintain a higher concentration of the crystal ions in this layer should 
result in an accelerated displacement of these faces. Thus in the case of 
potassium alum the growth ratio {100)/(111) was increased from 1.61 to 
1.75 by rapid stirring. It would seem therefore that in the presence of an 
adsorbable dye the crystal takes up its own ions in preference to the dye 
as long as such ions are readily available. However, in the absence of a 
plentiful supply of its own ions the crystal will satisfy its growth forces 
by taking up adsorbable dye ions or molecules when the concentration of 
the dye adjacent to the rapidly growing face becomes sufficiently great 
relative to that of the crystal ions. The distance from the origin to the 
point of intersection of the curve with the c axis apparently represents the 
minimum dye concentration required to establish this condition. 

In figures 1 and 2, curve 1 represents the values of a calculated from 
equation 2, curve 2 values from the equation of the adsorption isotherm, 
and curve 3 those from equation 1. It should be noted that equation 2 
predicts that at high values of c the adsorption isotherm would fit the data; 
this was not always found to be true because of the precipitation of part of 
the dye at higher concentrations in some instances. 

In the case of the systems alkali halides-urea it was not possible to obtain 
even approximately accurate values of the amount of foreign material 
adsorbed at low concentrations, and hence to extend the curve to zero 
adsorption and also to fit equation 2 unequivocally. Qualitatively, how- 
ever, it is evident that the adsorption curves are similar to those for dyes 
adsorbed by salts (cf. figure 3), and it seems quite likely that equation 2 
would fit if sufficient data were available at low concentrations of impurity 
to warrant its application. 

One fact of interest with regard to the adsorption of urea by the alkali 
halides studied should be noted. In spite of the fact that ammonium 
chloride and sodium chloride crystals are much more modified in habit by 
the presence of urea, potassium chloride and potassium bromide crystals 
adsorb a larger quantity of this impurity. 
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SUMMABY 

1. No relation was found between the number of colbidal particles of dye 
present in solution, and the amount of dye adsorbed by a given host 
crystal. 

2. X-ray powder spectrographs of crystals containing adsorbed impuri- 
ties showed the same lattice constants for impure as for pure cr 3 rstals. 

3. Hie dichroism observed in crystals containing adsorbed dye is ac- 
counted for by the assumption that the dye molecules are oriented with 
respect to themselves and to the face on which they are adsorbed. The 
color effects observed under the polarizing microscope in crystals of am- 
monium alum and dye No. 13 lead to the view that the dye molecules are 
adsorbed with their long axes perpendicular to the cube faces of the alum 
crsrstal. 

4. The data for the adsorption of dye by alum and nitrate crsrstals failed 
to fit either the Langmuir or the adsorption isotherm equation, but were 
reproduced over most of the range by the equation 

a = 

5. The second term in the right-hand member of equation 2 indicates 
the occurrence of a coimter-adsorption process. Examination of this term 
shows (a) that adsorption does not commence at c = 0 but at a value of c 
such that 


kc^tn = 

and (b) that possesses the value « at c = 0 but falls off rapidly to 

zero at low values of c. 

6. Equation 2 predicts that at high values of c an adsorption isotherm 
would fit the data within the limits of error, but this was not always found 
to be true because of the precipitation of part of the dye at higher concen- 
trations. 
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Theories of colloid stability, of the mechanism of coagulation, and of the 
charge on the colloid particle are all intimately related to the adsorption of 
ions. A knowledge of the total number and kinds of ions adsorbed by 
colloidal particles under given conditions would greatly assist in the 
understanding of colloidal behavior. 

Attempts have been made to measure such adsorption by chemical 
analysis (12, 11, 2), but the concentrations to be measured are so small 
(usually from O.OOOIM to O.OOOOIM) that ordinary chemical methods are 
not sufficiently sensitive. 

Concentration cells have been used to measure the number of ions 
remaining free in the intermicellar liquid after adsorption has taken place 
(4, 10). The field of application of this method is very limited, and 
furthermore many difiiculties, such as the effects due to the activity of the 
ions and the presence of foreign substances, are encountered in the inter- 
pretation of these results. 

Quantitative spectrum analysis for the measurement of small quantities 
of materials has been developed rapidly during the past few years. This 
paper applies emission spectrum analysis to the estimation of the adsorp- 
tion of ions in colloidal solutions. 

The spectra may be excited in various ways; the methods used with solu- 
tions are outlined below: (1) The flame method of Lundg&rdh (7, 9, 6) is 
the most sensitive one for use with the alkali metals. The solution to be 
investigated is vaporized and mixed with the illuminating gases in a special 
burner. Using 2 or 3 cc. of solution the probable error is claimed to be as 
low as 2 to 5 per cent. (2) The uncondensed spark method Is the one 
recommended by Gerlach (5) for general work. A high voltage spark 
takes place between the surface of the solution and a metal electrode 
suspended above it. So much heat is produced by the spark that it is 
necessary to cool the electrode by surrounding it with ice or cold water 
(see figure 1). (3) Recently Gerlach (5) used an interrupted arc with 

the same types of electrodes as described in the second method. The arc 

^ Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20 - 22 , 1935 . 
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between the surfaiCe of the liquid and the metal electrode is opened and 
closed several times a second by a cam arrangement run by an electric 
motor. This meiliod is particularly useful in cases where it is desirable 
to reduce the intensity of unavoidable band spectra. (4) Twyman and 
Hitchen (8), and Erode and Steed (1) use a spark between two liquid jets 
in order to avoid contamination at the sparking surfaces. 

In this work the uncondensed spark method was used in conjunction 
with a Hilger medium quartz spectrograph E2. Sensitive plates giving 
good contrast are required; Ilford’s Zenith and Hypersensitive Panchro- 
matic plates were used. By suitably adjusting a spherical condensing 



Fig. 1. The apparatus. A, iron block; B, ice; C, copper electrode; G, gap ca. 3/8"; 

P, platinum cap; S, solution, 5 cc. 

lens the intensity of the spectrum due to the metal electrode may be jgreatly 
reduced and that due to the substances in solution increased, since the 
points of TTia-giTnimn emission of the two spectra are some distance apart. 

The gold colloid used in this investigation was prepared by under-water 
sparking at a voltage of about 10,000 and a frequency of about 10* cycles 
per second. In the first experiments the usual salts were used, — sodium 
hydroxide as stabilizer (added to the water before sparking) and aluminum 
c h l «ii d" as coagulating electrolyte. As the spectroscopic method of 
analysis is only suitable for use with metal ions, later experiments were 
confined to the use of salts containing metals in both ions,— sodium 
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permanganate as stabilizer and magnesium chromate as coagulating 
electrolyiie. 

The amount of electrolyte necessary to coagulate the sol was taken as the 
minimum quantity which when mixed with an equal volume of the sol 
caused complete precipitation of the colloidal material in about three days. 

For analysis the coagulated solution was first centrifuged to obtain good 
separation of the precipitated gold and the supernatant liquid. This liquid 
was poured off and the gold was dissolved in aqua regia and diluted to the 
same volume as the supernatant liquid. When testing for aluminum it was 
necessary to concentrate the solutions to one-fiftieth of their original vol- 
ume to get measurable concentrations; when testing for magnesium it was 
not necessary to concentrate at all. All solutions were made slightly acid 
before analysis, as this has been found to increase greatly the spectroscopic 
sensitivity. 

Plates were also taken with gold sols precipitated by freezing in liquid 
air, i.e., without the addition of any coagulating electrolyte; and with 
copper sols prepared as the gold sols were but without the addition of any 
stabilizing electrolyte, and precipitated by magnesium chromate. 

The concentrations of metal ions in the unknown solutions were found by 
comparing the intensities of certain lines in their spectra with the intensities 
of those lines in the spectra of standard solutions which were taken on the 
same plate under the same conditions of excitation, exposure, etc. The 
intensities were compared visually, as it was found that with practice this 
method was just as satisfactory as using a microphotometer. The uni- 
formity of lines due to some reference material present in all the solutions 
in equal concentration is usually considered as proof that electrical condi- 
tions have remained the same throughout a series of exposures. 

In general the probable error was about 10 per cent of the amount 
measured. (In spectrum analysis the error is a certain percentage of the 
amount present and not an absolute amount, as in most chemical methods.) 
When the distribution of an ion between the supernatant liquid and the 
precipitate is very unequal, say ten to one, the amount of the ion adsorbed 
may be determined with much greater accuracy — often to within 1 or 2 
per cent of the amount added — for the error involved is 10 per cent of the 
smaller amount analyzed. In all spectrum analysis work the sensitivity 
varies considerably with the element investigated, with the type of spectro- 
graph, with the type of photographic plate, with the conditions of excita- 
tion, the length of exposure, etc. In this investigation the following 
limits of sensitivity have been found: Af/100,000 for gold, manganese; 
Af/50,000 for magnesium, chromium, sodium; Jlf/1,000 for aluminum. 
Some elements, for example, sodium, are often present in the purest mate- 
rials obtainable, or in the air, in concentrations sufficient to be visible 
spectroscopically. Such concentrations can be allowed for by including 
a suitable blank spectrum on each test plate. 



190 


UA.ir ANNKTTS AND LOBNB NBWUAN 


The results up to the preseut may be summarized as follows : 

I. See figure 2A. The sodium lines are clearly visible in the photograph 
with Ihe supernatant liquid (No. 7), and cannot be seen at all with ihe 
precipitated gold (No. 2). The aluminum lines appear with the gold 
(No. 2) and cannot be seen with the supernatant liquid (No. 7). 


Fig. 2. Spectra showing metal lines in the coagulating liquids taken in various 
strengths as standards and for comparison lines present in spectra of supernatant 
liquid and coagulated material. Details of individual spectra are given below. 

A. Gold sol, 0.8 g. per liter (stabilized by 0.001 M sodium hydroxide) 

1. Aluminum chloride solution in concentration just sufficient to produce coagu- 

lation-~ilf/10,000. 

2. Gold precipitated by 1 and dissolved in acid. 

3. Aluminum chloride solution, 80 per cent of the strength of 1. 

4. Aluminum chloride solution, 60 per cent of the strength of 1 . 

5. Aluminum chloride solution, 40 per cent of the strength of 1. 

6. Aliiminum chloride solution, 20 per cent of the strength of 1. 

7. Supernatant liquid corresponding to 2. 

8. Acid blank. 

B. Gold sol, 0.8 g. per liter (stabilized by 0.001 M sodium permanganate) 

1. Supernatant liquid from gold sol precipitated by freezing in liquid air. 

2. M/1000 sodium permanganate solution. 

3. M/3000 sodium permanganate solution. 

4. M/25,000 sodium permanganate solution. 

5. M/125,000 sodium permanganate solution. 

6. Precipitated gold corresponding to 1. 

7. Acid blank. 

C. Gold sol, 0.8 g. per liter (stabilized by 0.001 M sodium permanganate) 

1. 0.00Q4OM magnesium chromate and M/10,000 sodium permanganate. 

2. 0.00035M magnesium chromate and M/10,000 sodium permanganate. 

3. 0.00030M magnesium chromate and M/10,000 sodium permanganate. 

4. 0.00025M magnesium chromate and M/10,000 sodium permanganate. 

5. Gold precipitated by M/8000 magnesium chromate and dissolved in acid. 

6. Gold precipitated by M/12,000 magnesium chromate and dissolved in acid (min- 

imum amount necessary for coagulation). 

7. Supernatant liquid corresponding to 5. 

8. Supernatant liquid corresponding to 6. 

9. 0.00020M magnesium chromate and M/10,000 sodium permanganate. 

10. 0.00015M magnesium chromate and M/10,000 sodium permanganate. 

11. O.OOOIOM magnesium chromate and M/10,000 sodium permanganate. 

12. 0.000066M magnesium chromate and M/10,000 sodium permanganate. 

13. Acid blank. 

D. Copper sol, 0.6 g. per liter 

1. Copper precipitated by M/25,000 magnesium chromate and dissolved in acid 

(minimum amount necessary for coagulation). 

2. Supernatant liquid corresponding to 1. 

8. Acid blank. 
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Thus when gold sols stabilized by sodium hydroxide ar(‘ precipitated by 
aluminum ehloride, at least 90 per cent of the aluminum ions an' adsorbed 
by the gold and at least 98 })er cent of the sodium ions remain in the super- 
natant liquid. The gold particles acquire a negative charge in ])reparation, 
presumably by the adsorption of hydroxyl ions. Owing to this Tiegativ(' 
(‘harge the gold attracts the trivalent jmsitive ion of the (coagulating eh'ctro- 
lyte, but leaves th(i monovah'ut positiv(c ion of the stabilizing ('h'ctrolytf' 
free in the supernatant liquid. 

II. See figure 2B. The manganese* lines are very promiiu'iit in tin* pho- 
tograph with the pH'cipitated gold (No. 6), but are not visil)l(‘ at alt with 
the supernatant luiuid (No. 1). The* sodium line* is visibh* in all tin* 
spectra but its conc(*ntration in the i)re*cipitate*d gold (No. (>) is no high(*r 
than that in the acid blank (No. 7). 

When gold sols stabilize'd by sodium ])ermanganate‘ are* ]m*(*i|)itate'd by 
fre'e'zing in lieiuid air, at le'ast 99 p(*r cent of the* manganate* ions are* |)re*cipi- 
tatecd with the gold and 95 to 98 per ce*nt of the sodium ions re*main free* 
in the supernatant- liquid. This is not in agre*(*ni(‘nt A\ith the* thc‘e>rv of 
those* who belie*ve that the non-stabilizing ion of the* stabilizing ele'ctrolyte* 
(the* sodium in this case*) apjH'ars fre*e* in the* supe‘rnatant liejuid only whe‘n 
disj)lac(*d from the*, ne'ighborlmod of the j)artie‘le's by the* coagulating e‘Ie*c- 
trolyte*. 

III. Se‘e figure 2(\ Chromium line*s are* visible* in Ne) 7 and No. (S— 
the* supe*rnatant liepiid — but not in Ne). 5 and Ne). 6 — lla* ])r('cipitate'(l gold. 
The magne*sium line is much nmre inte*nse* in No. 7 anel Ne). S— the* su])(*r- 
iiatant lieiuid — than in No. 5 and No. 6 — the })re'cipitate*d gold, ddie* 
mangane'se line*s may be cl(*arly seen with the* gold as in figure* 2B; ne)1 a 
trace of the*m ap])ears with the supernatant liquid. 

Whe*n gold sols stabilize*d by sodium p(*rmanganate* are* ])re*e*i])itale*el by 
magne*sium chromate, at le'ast 95 |)(*r c(*nt of thee chre)mium ie)ns r(*main in 
the* su})ernatant liquid. Chromium cannot be de'te*cte*el with the* }>re‘cipi- 
tated ge)ld until abe)ut t-we*nty time's the minimum coagulating e*one*(*nt ra- 
tion of magneesium e*hromate is aelde*d to the colle)id. 

When just sufficient magiu'sium chromate is adele*d to proelue*(* coagula- 
tion, about one'-third e)f the magne'sium mns is aelsorbed by the* golel. The* 
amount of magne'sium adseirbe'el ine*re*ase's slightly (about thre'e* time's) \\h(*n 
many tirnees (up to eighty time's) this amount- of magne*sium chromate* is 
added. At least part of this ine*rease is due to trace's of su})(*rnatant liquid 
remiainiug with the* precipitated gold. The prccijiitate was not washe*el, 
as it was found difficult to be certain that washing the* piccijiitate* did not 
remove some of the adsorbed ions (see also Weise*r (10)). 

These results are not in agrecine'iit with those* e)f Freuuellich (4) or e)f 
Euler and Zimmerlunel (8). Freundlich found that appreH'iable* amounts 
of both ions of the coagulating electrolyte* were adsorbe*d by the preeij)!- 
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tated particles of an ^^electrolyte-free” gold sol. Euler and Zimmerlund 
found that equal amounts of both ions of an electrolyte were adsorbed by 
fine gold powder. 

IV. See figure 2D. Here the chromium lines may be clearly seen in No. 
1, the precipitated copper, but not at all in the supernatant liquid (No. 2); 
while the magnesium line appears strongly in No. 2 but not at all in No. 1. 

Thus when copper sols, which are positively charged, are precipitated 
by the minimum necessary quantity of magnesium chromate, at least 90 
per cent of the chromate ions are adsorbed by the copper and at least 95 
per cent of the magnesium ions remain in the supernatant liquid. This 
distribution is, of course, just opposite to that obtained in a negatively 
charged gold sol; there the magnesium ions are adsorbed and the chromium 
ions left in the supernatant liquid. 

Further work is now in progress.^ 

In conclusion, the authors wish to express their sincere appreciation to 
Professor E. F. Burton, Director of the McLennan Laboratory at the 
University of Toronto, for his suggestion of the problem and his advice 
throughout the investigation. 
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Several attempts have been made to utilize the information obtained by 
allowing air-dry soil to absorb moisture at various relative humidities. 
The water absorbed by soil colloids when allowed to come to equilibrium 
over a sulfuric acid-water mixture containing 3.3 per cent sulfuric acid by 
weight has been made the basis for a method of estimating the quantity of 
colloid present in a soil (6). The water held under this condition (99 per 
cent relative humidity) falls below the hygroscopic coefficient. The Brit- 
ish soil workers (8) have also used a determination of the moisture held at 
50 per cent relative humidity as a criterion of soil properties. More 
recently, workers in the Bureau of Chemistry and Soils of the United 
States Department of Agriculture (5) have made determinations of the 
amounts of water held over sulfuric acid-water mixtures of various concen- 
trations by different soil colloids. An attempt was made to correlate the 
ratios between some of the values so obtained with the chemical composi- 
tion of the soil. 

The vapor pressure-water content curves of a number of soils have been 
studied by Thomas (13, 14) and by Puri, Crowther, and Keen (11). They 
covered the entire range from oven-dry at 105°C. to saturation. It was 
found in both investigations that an inflection point in the curves occurred 
near 60 per cent of the vapor pressure of pure water. No breaks were 
found; this indicated no sudden change in the nature of the forces holding 
the water. Puri, Crowther, and Keen reached the conclusion that the 
curves were all of the same type, but that the general slopes of the curves 
were decreased with increases of clay and organic matter content. Thomas 

1 Abstracted from a thesis submitted by Lyle T. Alexander to the Graduate 
School of the University of Maryland in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, May, 1935. 

Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20-22, 1935. 
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also reached the conclusion that the slope of the curve is influenced hy the 
quantity of fine material present, but concluded that the organic matter 
played a minor rdle in water vapor absorption. Brown and Byers (5) and 
also Anderson and Mattson (3) have called attention to the correlation 
between the avidity of a soil colloid for water and its chemical constitution. 
Since it has been shown that the coarser fractions of a soil only serve as a 
framework or as diluting material for the colloid, it seemed advisable to 
study the colloid extracted from the soil rather than the soil itself. This 
would eliminate the variable factor mentioned by Puri, Keen, and Crowther 
concerning the change in slope of the vapor pressure curve with clay 
content. 



EXPERIMENTAL 

The soils selected for this study represent a wide range of progressive 
weathering. The Barnes soil is a black dry land grass soil from North 
Dakota. It has been formed from calcareous glacial till. It has not been 
subjected to severe hydrolysis because of the low rainfall. 

The Carrington soil is a fertile prairie soil of Iowa. Like the Barnes soil, 
it has been developed from calcareous glacial till, but under conditions of 
more rainfall, and therefore its degree of hydrolysis is greater. 

The Miami, a gray-brown podsolic soil from Indiana, has been developed 
under somewhat higher rainfall than the Carrington. This is a timber soil 
and not a grassland one. 

The fourth soil selected is the Cecil, a red soil from North Carolina, that 
has been developed from decomposed granites and gneisses under condi- 
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TABLE 1 

Relation between the vapor pressure and water content of the Barnes colloid at 25^ C. 
Sample No. 10307. Dry weight of sample — 9.101 g. 


VAPOR 

PHBS8UBB 

WKIOHT OF 
WATBR LOST 

BY SAMPLE 

PER CENT OP 
WATER IN 
SAMPLE 

VAPOR 

PRESSURE 

WEIGHT OF 
WATER LOST 

BY SAMPLE 

PER CENT OF 
WATER IN 
SAMPLE 

mm. Hg 

gramB 

per cent 

mm. Hg 

grama 

per cent 

23.1 

0.031 

33.4 

12 8 

1 641 

15 7 

22.6 

0 156 

32 0 

11 8 

1 702 

15.0 

22.6 

0 259 

30.9 

10 9 

1 760 

14 4 

22 1 

0 352 

29 8 

9 9 

1 825 

13 6 

21.8 

0 498 

28.2 

9 3 

1 869 

13 2 

21.2 

0 623 

26 9 

8 7 

1 902 

12.8 

21.0 

0 647 

26 6 

8 0 

1 961 

12 1 

20.6 

0 722 

25 8 

7 0 

2 027 

11 4 

19.9 

0 856 

24 3 

5 9 

2 112 

10.5 

19.5 

0 934 

23.4 

5 3 

2 143 

10 1 

19.0 

1 020 

22 5 

4 0 

2 283 

8 6 

18 5 

1 072 

21 9 

2 8 

2 363 

7 7 

18.1 

1 134 

21 2 

1 8 

2 478 

6 5 

17 3 

1 200 

20 5 

1 0 

2 583 

5 3 

16 6 

1 280 

19 6 

0 0 

3 069 1 

0 0 

15 7 

1 368 

18 7 


i 


15 4 

1 459 

17 7 

Additional point by desiccator method 

14 1 

1 560 

16 6 




13.2 

1 619 

15.9 

23 2 


35 4 


TABLE 2 

Relation between the vapor pressure and water content of the Carrington colloid at 25°C. 
Sample No. 10084. Dry weight of sample « 8.977 g. 


VAPOR 

PRESSURE 

WEIGHT OF 
WATER LOST 

BY SAMPLE 

PER CENT OF 
WATER IN 
SAMPLE 

VAPOR 

PRESSURE 

WEIGHT or 
WATBR LOST 

BY SAMPLE 

PER CENT OF 
WATER IN 
SAMPLE 

mm. Hg 

grama 

per cent 

mm. Hg 

grams 

per cent 

25 7 

0.019 

26.9 

10 1 

1 621 

9 0 

23.1 

0.137 

25 6 

6.5 

1 819 

6 8 

22 4 

0.293 

23 8 

5 3 

1 898 

6 0 

22.1 

0.499 

21 6 

1.4 

2 130 

3 4 

20.7 

0.731 

19.0 

1 2 

2 158 

3 1 

19.0 

0.974 

16 6 

0 0 

2 432 

0 0 

16.4 

15 8 

1.233 

1.343 

13.4 

12.2 

Additional point by desiccator method 

12 2 

1.492 

10 5 

23 3 


26 2 


tions of high rainfall and temperature, where the hydrolysis has been 
severe. 

The colloid was so extracted that the upper limit of particle size was 
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TABLE 3 

Relation bettpeen the vapor preeeure and water content of the Miami colloid at U*C. 
Sample No. 10342. Dry weight of sample — 9.437 g. 


VAPOB 

PBBaSUBB 

WBIOBV or 

WATBB UMT 

BT BAMPLB 

FBB CBNT or 
WATBB XM 
BAlirLB 

VAPOB 

PBBMUBB 

WBIOBTOr 
VATBB IrOBT 

BT AAMFbB 

PBB CBBT OP 
WATBB IN 
BAKFLB 

mm. Hg 

grama 

pet cant 

mm. Hg 

grama 

par cant 

24.9 

0.134 

19.9 

11.4 

1.443 

6.0 

22.7 

0.212 

19.1 

10.4 

1.456 

5.8 

22.7 

0.296 

18.2 

9.6 

1.515 

5.2 

21.8 

0.346 

17.6 

7.8 

1.561 

4.8 

21.7 

0.403 

17.0 

6.3 

1.697 

4.4 

21.9 

0.523 

15.8 

4.7 

1.659 

3.7 

21.5 

0.606 

14.9 

4 4 

1.672 

3.6 

20.9 

0 692 

14.0 

3.6 

1.703 

3.3 

20.3 

0.820 

12.6 

3.0 

1.737 

2.9 

20.3 

0.895 

11 8 

2.5 

1.744 

2 8 

19.6 

0.956 

11.2 

1.9 

1.781 

2.4 

18.8 

1 062 

10 0 

1.1 

1.845 

1.8 

18.0 

1.125 

9 4 

0.0 

2.013 

0.0 

16.9 

1.181 

8.8 




15.7 

1.257 

8 0 

Additional point by desiccator method 

15.2 

1.309 

7.4 




13.7 

1.376 

6.7 

23 3 


25.6 


TABLE 4 


Relation between the vapor preeeure and water content of the Cecil colloid at $B°C. 
Sample No. 9416. Dry weight of sample 9.910 g. 


VAPOB 

PRBBSVBB 

WBXQBT OF 
WATBB LOST 

BT SAMPLE 

PBB CBBT OP 
WATBB IN 
BAMPLB 

VAPOR 

PBB8BUBB 

WBXOHT OP 
WATER LOST 

BY BAMPLB 

PBB CBNT OF 
WATBB IN 
SAMPLE 

mm. Hg 

grama 

par cant 

mm. Hg 

grama 

par cant 

24.3 

0.096 

22.3 

10.2 

2.014 

3.0 

22.7 

0 274 

20.5 

8.3 

2.055 

2 5 

22.7 

0.394 

19.3 

7.0 

2.085 

2 3 

22.4 

0.529 

17.9 

5.9 

2.106 

2.0 

22.1 

0.669 

16.5 

5 0 

2.130 

1.8 

22.1 

0.794 

15.3 

3.7 

2.162 

1.5 

22.1 

0.947 

13.7 

2.9 

2 182 

1.3 

21.7 

1.071 

12.5 

2.3 

2.187 

1.2 

21.2 


11.0 

1.4 

2.214 

1.0 

20.4 

1.360 

9.6 

1.1 

2.229 

0.8 

20.0 

1.469 

8.5 

0.9 

2.246 

0.6 

19.8 

1.587 

7.2 

0.9 

2.262 

0.4 

18.2 

1.708 

6.0 

0.0 

2.309 

0.0 

17.1 

14.3 

1.803 

1.909 

5.1 

4.0 

Additional point by desiccator method 

12.3 

1.966 

3.4 

23.3 


27.9 
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about 0.3 micron in diameter (5). The colloid was air-dried at room 
temperature to avoid any irreversible dehydration at the elevated tem- 
perature. 

The apparatus used for determining the detailed vapor pressure-^water 
composition curves is essentially that used by Wales and Nelson (15). A 
diagrammatic representation of it is shown in figure 1. 

After a 10-g. sample of air-dry colloid ground to pass a 100-mesh sieve 
had been placed in an evacuated desiccator over 3.3 per cent sulfuric acid 
for a period of five days, the sample was weighed and transferred to the 
bulb of the apparatus shown in figure 1. The apparatus was then evacu- 
ated through the phosphorus pentoxide tube until about 0.1 g. of water was 
collected. The stopcocks were closed and the whole apparatus allowed to 



Fiq. 2. Water content relation for soil colloids at 25°C. 

stand until equilibrium was reached. The phosphorus pentoxide tube was 
then weighed, and the difference in level of the two legs of the manometer 
read by means of a cathetometer. The apparatus was again evacuated 
and the process repeated. The experimental data obtained by this method 
are given in tables 1 to 4. Also given in these tables is the value for water 
held, at 25®C., by the colloid in an evacuated desiccator containing aqueous 
sulfuric acid, with a water vapor pressure of 23.3 mm. Hg. Most of the 
values were taken after allowing twenty-four hours for equilibrium to be 
reached. Although this may not be a real equilibrium point, no further 
change in pressure could be noted by allowing three or four days time. 

The curves for the four soil colloids are shown in figure 2. These are 
all of the same general form. They are similar to the curves for gelatin 
given by Katz (7) and to those for wood found by Stamm and Loughbor- 
ough (12). They are also similar to that for aqueous sulfuric acid. Data 
are available in the International Critical Tables for the sulfuric acid. 
The first few values on each curve are undoubtedly too high because of 
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ranoval of adsorbed air. The very low ones are a bit uncertain because 
the mercury manometer was not sensitive to small changes in pressure in 
the very low range. 


MATHEllATICAL EXPRESSIONS FOR THE CURVES 

Katz (7) expressed the vapor pressure-water content relation for an 
elastic gel by the equation 



OS -a)* 


where a and /3 are empirical constants, h is the ratio of the vapor pressure 
of the gel to that of pure water at the same temperature, a is the water 
content in grams, per gram of dry colloid, Fo is the specific volume of water, 
and B and T have their usual significance. 

This equation was tested to see if it would fit the curves for the soil 
colloids studied. The results were not satisfactory. However, a satis- 
factory equation for two of the colloids may be obtained as follows. Con- 
sider the reaction 


Soil colloid • xHsO -f water — > soil colloid • yHjO 


where x is always less than y. The decrease in free energy for this reaction 
may be obtained from 


AF = 



( 1 ) 


where M is the molecular weight of water, P is the equilibrium pressure of 
the system, Po is the vapor pressure of water at the same temperature, and 
AP is the free energy decrease at this temperature when 1 g. of water is 
added to an infinite amount of soil colloid (xHjO). 

These values have been calculated for vapor pressures taken from the 
curves of figure 2, and are presented graphically in figure 3. 

As a rule such curves (figure 3) will be found to fit an equation of the fype 

y s oe-** (2) 

where a and b are constants and y and z represent the ordinates and 
abscissae, respectively, and e = 2.7183. Letting x = percentage of water 
in sample and y » AP, we have 

AP as ac“** (3) 


Equating equation 1 and equation 3 


M 



ae~** 


(4) 
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Since iZ, T, M, and a are constants, we may combine them with the 
conversion factor to Briggsian logarithms and obtain 

log ^ = a'er*‘ (5) 

ro 

a' and h may be evaluated by throwing the equation into the logarithmic 
form 

p 

log log ^ = log a' — bx log e (6) 

X 0 

log log ^ = log o' — 0.4343 bx (7) 



Fig. 3. Change in free energy of soil colloids as a function of water content at 25^0. 


o' of course 


Ma 


2 303/2 r' therefore a) and b may then be evaluated 

P P 

by plotting log log ^ against x or by plotting log on semi-log paper 

0 

against x. Log o' will be the intercept on the y axis and —0.43436 the 
slope. Curves for the four soil colloids studied, plotted by the first method, 
are given in figure 4. Straight portions are found for all the types, espe- 
cially at lower water percentages. Equations for the straight portions of 
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each are given bdow. They are valid, naturally, only for colloids of water 
content lying on the straight portion. 


log I- = 2.82e^ >«» 
log 5 - = 2.32c-»»»» 

rQ 

log ^ = 2.21c-« »»* 
log ~ s= 

i 0 


(Barnes) 

(Carrington) 

(Miami) 

(Cecil) 


Possible explanations for the failure to obtain straight lines at higher water 
contents will be offered later. 



Fiq. 4. Log log of yapor pressure ratio as a function of water content at 25°C. 

We may obtain the total free energy change for an addition of an amount 
of water corresponding to 99 per cent of saturation. These values are 
obtained by determining the area under the curves shown in figure 3. 
The values obtained are given below. 



AF Ilf CALOBllJS PXS 
OBAM OF COLLOID 

£iH ZN CALORICS PCB 
OBAM OP COLLOID 

Barnes 

14 

22 

Carrington 

9 

17 

Miami 

6 

14 

Cecil 

3 

6 
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The values for AH were obtained by measuring the heat of wetting of 
the soil colloids according to the method of Anderson (1), except that the 
samples were dried over concentrated sulfuric acid at 25°C. instead of in the 
oven at 105®C. 

RELATION TO COLLOID COMPOSITION 

In recent years chemists have discovered an important relation between 
the chemical composition of the colloid of a soil and its field characteristics. 
This relation is sometimes obscured by the presence of unweathered 
minerals in the extracted colloid. Such minerals are abundant in most 
soils (9). 

Since unweathered ground minerals such as orthoclase do not hold water 
appreciably in the hygroscopic range, they should, if present as an im- 
purity, serve merely as a diluent, and hence affect the vapor pressure curv es 
only slightly. An examination of the curves in figure 2 shows that the 
Miami falls nicely into its proper relation between the Carrington and 
Cecil and not between the Barnes and Carrington as its silica sesquioxide 
and silica alumina ratios would predict. 

The differentiation shown by this family of curv’^es between the four 
groups of soils covered in this investigation is sharp and of even distribu- 
tion. It appears that the hygroscopic moisture of the colloid is a character- 
istic function of the factors which determine the field characteristics of the 
soil. Further investigation may reveal some curves out of place, just as 
some of the ratios are out of place, but this will not invalidate the use of 
these curves as criteria of soil properties. 

THE NATURE OF THE HYGROSCOPIC WATER 

The data shown in this paper indicate that the hygroscopic water of the 
soil colloids is held in a similar manner to water of swelling in gelatin and 
in wood. 

Probably the most illuminating treatment of hygroscopic vrater in elastic 
gels is that of Peirce (10). He proposes a ‘‘two-phase'' theory of absorp- 
tion of water by cotton cellulose, which has water content-vapor pressure 
isothermais very similar to those of soil colloids. 

According to the Peirce theory the hygroscopic water can be considered 
as occurring in two different phases, or states, on the cellulose. The first 
of these is the a phase which is held to be chemically bound by the hydroxyl 
groups of the hexose units of the cellulose. The second or b phase is made 
up of the water molecules attracted by the water molecules of the a phase 
and by the colloid surface which is not reactive toward water. From 
theoretical considerations he arrives at the following formula for the vapor 
pressure-water content isotherms for cotton and starch 

P 


.—BCb 



204 


LYLE T. ALEXANDBB AND M. H. HABINO 


wjiere P is the water vapor pressure of the cellulose (xHiO), Po is the vapor 
pressure of water at the same temperature, A; is a constant characteristic 
for each sample, C. is the concentration of moisture in the a phase, B is 
another constant characteristic of each sample, and Ct is the concentration 
of water in the b phase. 

This equation is similar in many respects to the equation arrived at on 
page 201 for the soil colloids. Peirce pointed out that the equation would 
be applicable only to pure substances. It is probable that the failure of 
the vapor pressure-water content curves to rectify, as shown in figure 4, 
is due to some contaminating colloid which does not exert a noticeable 
lowering of the vapor pressure in the lower moisture content ranges, but 
which does make itself noticeable in the higher moisture content ranges. 
Iron oxide is a contaminant to which we might attribute this behavior. 

If then we apply the two-phase theory of Peirce to soil colloids, we may 
picture the a phase water as being combined with the alumino silicic acid 
complex, with the tendency toward further hydration as the attracting 
force. The 6 phase water is held on the surface of the colloid not occupied 
by a phase water and as outer layers on the a phase water. 

Concerning the a phase water, one must conclude that in the little 
hydrolyzed soils of the chernozem group the tendency to hydrate is very 
great, and that in the lateritic Cecil series the tendency is very small. 
The b phase water does not appear to be so much a function of the chemical 
composition of the colloid as of the surface. Further investigation is 
necessary to determine the quantitative relations between these two kinds 
of hygroscopic water. 

This idea of the two kinds of hygroscopic water is easily harmonized with 
the work of Anderson (2) and of Baver and Homer (4) on the effect of 
exchangeable ions on the hygroscopicity of colloids. It is interesting to 
note that the colloids having high base exchange capacities are the ones 
having much attraction for the a phase water. It is possible that the base 
exchange phenomena and absorption of a phase water are due to the same 
chemical affinity, that is, secondary valence, or it may be that the base 
exchange bases are held by primary valence bonds. Further investiga- 
tions along this line would be necessary to decide which of these is respon- 
sible for the phenomena. 


StTHMARY 

1. A study has been made of the vapor pressure-water content curves 
of four typical soil colloids. The curves are shown to be characteristically 
different for the different soil groups. 

2. The change of free enei^ as a function of water content has been 
calculated, and the total free energy change on wetting has been deter- 
mined approximately. 



VAPOR PRESSURE AND WATER CONTENT OF SOIL COLLOIDS 205 


3. An attempt has been made to correlate vapor pressure curves with 
soil classification. 

4. Peirce's two-phase theory of water absorption by cellulose is used to 
picture the nature of the hygroscopic water of soil colloids. 
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A few years ago (8) we reported that the stream potentials of glass capil- 
laries decrease with capillary diameter, being for 5-micra capillaries from 
0 to 25 per cent of the normal with 2.5 and 5 X 10"^ M potassium chloride, 
the normal being defined as that found with large capillaries. These 
findings are believed to be more nearly correct than the earlier report (6) 
that the stream potential of 6-micra capillaries was, with 5 X 10*^ M 
potassium chloride, about 75 per cent of normal; the earlier findings were 
presumably due to technical imperfections. We are now reporting on a 
larger series of measurements on capillaries from 333- to 4. 1-micra diameter, 
with solutions ranging from water to 10~* M potassium chloride. The 
present findings confirm, with some qualifications, and extend those of 
White, Urban, and Van Atta. 


METHODS 

The condenser arrangement used in the earlier work was replaced by a 
vacuum tube amplifier (FP54) for measuring both stream potentials and 
capillary resistances. The apparatus is shown in figure 1. The amplifier 
is shielded by its metal box, the remainder of the apparatus by a large 
copper screen cage. Due precautions as to insulation were observed. 
With the top of switch A to the left, grid grounded, the plate current is 
balanced to zero by adjustment of Rs and R4. With the switch in the mid- 
dle position the plate current is again brought to zero by the potentiometer, 
whose reading gives the potential to be measured, in this case the stream 
potential. With the top of switch A to the right the voltage drop across 
R, is measured, and from this is calculated the resistance of the capillary. 
One or more dry cells of known voltage may be put in series with R* and 
the capillary to measure capillary resistance, or the stream potential alone 
may be used; the same result is obtained with both methods. If a dry 

^ Presented before the Twelfth Colloid Symposium, held at Ithaca, New York, 
June 20-22, 1935. 

* Aided by a grant made by the Rockefeller Foundation to Washington Uni- 
versity for research in science. 
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cell of known voltage is put into the electrode circuit with switch A in the 
middle position, the measured voltage is the sum of stream potential and 
added voltage; this procedure was frequently used as a check. The 
galvanometer G has a current sensitivity of 1.85 X 10~® amperes per milli- 
meter; the voltage sensitivity of the amplifier is about 0.002 volt per 
millimeter with the lower resistances, and about 0.006 volt per millimeter 
with the highest (above 10^^ ohms). 

The standard high resistances, R,, are of two types, — gold or platinum 
films sputtered on glass rods (5) and carbon impregnations; a series ranging 



Fio. 1. Apparatus for measuring stream potentials and conductivity. A, high 
resistance switch; B, reversing switch; V, voltmeter; G, galvanometer; Ri, 20 ohms; 
Ri, 400 ohms; Rt, 20,000 ohms; R,, 11,000 ohms; Ri, standard high resistance. 


from 2.18 X 10* to 1.03 X 10*^ ohms was employed. They were supplied 
by the Department of Physics, and we are indebted to Dr. G. M. Webb 
of that department for their initial measurements. The carbon type 
usually show some change in resistance with change in applied voltage; 
we have therefore calibrated them for the range of voltages employed. 
For each determination a standard was chosen as near the value of the 
unknown as possible; the ratio was usually less than 2 and never more than 
3. Our stream potential measurements are in error by not more than 
0.002 volt, and the capillary resistances by not more than 1 per cent witii 
resistances less than 10** ohms and not more than 2 per cent with resistances 
above 10*® ohms. 
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Capillary lengths were measured with micrometer calipers; their cross- 
sectional area was calculated from the observed resistance when filled with 
Af/10 potassium chloride. In some cases diameters were checked by 
microscopic measurement; agreement with the other method was usually 
within 1 or 2 per cent, but in all cases the results of the first method were 
taken. Using the data of capillary dimensions and of observed capillary 
resistance with dilute solutions the net specific conductivity of the latter in 
the capillaries was calculated, designated iccap in the tables. 

Two methods of treatment were used with the capillaries. With the 
first, treatment a, the capillaries were left in chromic acid overnight and 
then subjected to prolonged rinsing with distilled water. With the second, 
treatment b, the capillaries were immersed in boiling distilled water for one 
hour and then washed in distilled water. No consistent differences in the 
results of these two treatments w^erc observed. The w^ater used in treating 
the capillaries and in making up the potassium chloride solutions was 
double distilled, first from an electrical laboratory still and then from an 
all-Pyrex still to which was added a little Nessler's solution. The specific 
conductivity of this water ranged from 0.9 to 2.0 X 10""® mhos. 

RESULTS 

Stream potentials 

In the first series capillarj’^ resistances were not measured, and therefore 
specific conductivities in the capillaries not determined. These will not 
differ significantly from specific bulk conductivities, /Csoi, with the larger 
capillaries and higher concentrations of table 1, since here surface con- 
ductivity is negligible. With the lower concentrations, however, there 
will be an appreciable surface conductivity except with the largest (333 
micra) capillary, the ratio of surface to bulk conductivity of course increas- 
ing as capillary diameter decreases. Therefore zeta is shown in table 1 
with concentrations of 1 X M and less only for the largest capillary; 
writh the other capillaries at these low concentrations, specific conductivity 
in the capillary, /Coap, is to an increasing degree greater than icsoi as capillary 
diameter decreases. Table 1 shows that the stream potential, E/P, falls 
with decreasing capillary diameter and that the effect of diameter is greater 
the more dilute the solution. With concentrations of 5 X 10~® M and 
greater the size effect is no longer appreciable above diameters of 18 micra. 
While we cannot make a positive statement as regards these particular 
experiments, since we do not have resistance measurements here, it seems 
probable, on the basis of many other measurements of surface conductivity, 
that the size effect on E/P here is due largely to the effect of increased 
conductivity in the smaller capillaries. 

The reproducibility of results with the smallest capillaries is not suffi- 
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ciently close to pemut an evaluation of the effect of electrosmotic retarda> 
tion of velocity in the double layer, as discussed by Reichardt (4), which 
would be a further contributing factor in the lowering of B/P. 

Tlie kR effect, discussed by Muller and Abramson (1) in connection with 
electrophoresis and later applied by Komagata (2) to the stream potential 


TABLE 1 


Stream potentials without resistance measurements 


DATS 

SOLUTION 


CAPILLARY 

DIAMBTBR 

EfP 

PBR OBNT OP 
NORMAL 

CXTA 



mhos X 10^ 

miera 

mv,/em, Hg 


mt. 

Nov. 6 

Water 

1.87 

333 

734 

100 

132 




a5.4 

555 

76 





39.0 

258 

35 






157 

21 





5.78 

25 

3 


Nov. 7 

10-‘ M KCI 

3.71 

333 

201 

100 

107 




85.4 

268 

89 





mSm 

132 

44 






96 

32 





5 78 

6 

2 


Nov. 8 

10-^ M KCI 

16,6 

333 

71.2 


114 




85.4 

71.4 

100 





39.4 

68.1 

95 






48.3 

68 


July 18 

5 X 10“^ AT KCI 

76.7 

333 

14.0 






97.6 

15.2 






58.0 

14.5 







13.3 


(average) 




18.6 

14.0 



July 14 

10-» M KCI 

149 

97.6 

6.8 


99 





7.2 


(average) 





7.2 







6.7 



July 20 

10-^* M KCI 

1413 


0.28 


36 





0.26 


(average) 


problem, is so small as not to be measurable. Komagata’s statement 
(ref. 2, p. 37) that this effect could explain the observed drop in stream 
potential with diminishing capillary size is invalid for three reasons. First, 
his table of limiting values of radius, i.e., radius of capillary below which 
the effect becomes significant, shows all the figures with ten times the cor- 
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rect value, as can readily be seen by substituting values for k. Thus, 
where he says a capillary of 24.6-micra radius would show a fall of 1.5 per 
cent in stream potential with 10"^ M potassium chloride, this is really true 


TABLE 2 

Results with 1 X 10^* M potassium chloride 


4PILLART 

lAMBTSB 

DATK 

TREATMENT 

Sol 

miera 

38.6 

May 9 

a 

mho» X 10^ 

1.65 


May 10 

a 

1.67 


May 13 

a 

1.67 


May 15 

a 

1.71 


May 16 

a 

1.71 


May 22 

b 

1.66 


May 23 

b 

1.66 

12 0 

May 9 

a 

1.65 


May 13 

a 

1.67 


May 16 

a 

1.71 


May 22 

b 

1 66 

5,4 

May 31 

a 

1 77 


June 1 

b 

1.77 

4.1 

May 9 

a 

1,65 


May 10 

a 

1.67 


May 11 

a 

1.67 


May 17 

a 

1.71 


May 18 

a 

1.69 


May 21 

a 

1.67 


May 22 

b 

1.66 


June 1 

b 

1.77 


E/P 

Sap 

ZETA 

K 

tnv./em. Hg 

mhos X 10“* 

mv. 

mhos X 10 

68.7 

1.80 

117 

1.50 

73.0 

1.81 

125 

1 39 

64.8 

1.83 

112 

1.58 

70.2 

1.84 

122 

1 34 

68.1 

1.81 

117 

1.01 

60.0 

1.76 

100 

1.10 

65.4 

1.76 

109 

1.10 

66.2 

2.00 

106 

1.03 

14.4 

1.97 

31 

0 89 

17.0 

2.04 

33 

0 98 

15.9 

2.03 

31 

0 95 

13.1 

1.92 

23 

0.77 

2.2 

3.26 

7 

1.85 

>1 

2.90 

>1 

1.44 

42.2 

3 23 

129 

1.65 

38.4 

3.23 

117 

1.63 

35.0 

3.11 

103 

1.50 

24.2 

2.85 

65 

1.19 

20.6 

2.50 

49 

0.85 

18.4 eq 

i 2.40 

42 

1 0.74 

34.1 

2.92 

94 

1.30 

32.8 

2.87 

89 

1 1.25 

32.2 

2.82 

86 

j 1.20 

31.1 

2.73 

80 

1.10 

29.9 

2.71 

77 

1.07 

29.5 

2.71 

76 

1,07 

28.3 

2.60 

70 

0.97 

26.8 eq 

2.66 


1.04 

31.0 




17.7 eq 

2.34 

39 

0.60 


for a 2,46-micra radivis. Since no one ever has been able to measure 
stream potentials on capillaries of 5-micra diameter with a reproduci- 
bility within 1.6 per cent, the matter is not at present susceptible 
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to experimental investigation. Second, he quotes White, Urban, and 
Krick as having used 5 X 10~‘ M potassium chloride, where the 
effect would be somewhat greater, whereas we used 6 X 10~* M potas- 
sium chloride. Third, we now know that the stream potential in 5-micra 
capillaries is usually reduced to an even greater extent than reported by 
White, Urban, and Krick. The matter may be summed up by the state- 
ment that the Komagata effect is entirely negligible and in no way able to 
account for the observed diminution in stream potential with decreasing 
capillary size. Of course, with pores of ultramicroscopic size, as in col- 
lodion and cellophane membranes, the effect no doubt is important, par- 
ticularly with dilute solutions. 

In the experiments of tables 2 and 3 capillary resistances were measured, 
making possible calculation of /Coap and of zeta. E/P of the smaller (4.1 
and 12 micra) capillaries is originally reduced to about the extent that 


TABLE 3 

Results with 5 X 10'“* M potassium chloride 


CAPXXJiABY 

DXAlfSTBlt 

DATE 

TREATMENT 

*aol 

EIP 

K 

cap 

ZETA 

% 

micra 



mhos X 10"* 

mv./cm. Hg 

mhos X 10~» 

mv. 

mhos X 10"* 

5.4 

June 3 

a 

7.67 

>1 

8.80 

>1 

1.39 


June 6 

b 

7.67 

>1 

8 70 

>1 

1.28 

4.1 

May 2 

a 

7.66 

12.6 

9.45 

109 

1.87 


May 3 

a 

7.66 

12.0 

9.20 

104 

1 63 


May 8 

a 

7.66 

11.5 

9.13 

99 

1.55 


June 3 

a 

7.67 

5.7 

7 97 

43 

0.31 


June 6 

b 

7.67 

4.5 

7.89 

37 

0.23 


Koap is increased over »£,oi, i.e., zeta is about normal. In general, however, 
E/P and zeta fall with time ; this tendency appears to be greater the smaller 
the capillary, although the large ones also show some fall with time. The 
“eq” after some of the figures in table 2 designates that these were stable or 
equilibrium values for these dates, i.e., that no further fall occurred during 
several hours. Some exceptions may be found to almost any general 
statement about capillary behavior if one makes enough measurements. 
Some small capillaries, as the 5.4-micra capillary of tables 2 and 3, never 
show much stream potential, even when new. This may be because of a 
localized constriction which cannot be recognized by our methods of 
measurement. It thus appears that cylindrical small capiUaries may early 
in usage show a normal zeta, which means for a 5-micra capillary with 
1 X 10~* M potassium chloride an E/P of about 60 per cent the normal 
value, but that zeta usually falls with time so that E/P becomes from 5 to 
30 per cent of normal. The operation of factors which might be expected 
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to lower zeta by not more than 10 or 15 per cent could hardly be recog- 
nized. 


Surface conductivity 

Data on specific surface conductivity are also given in tables 2 and 3. 
The calculated values of the capillary resistances with the dilute solutions 
are obtained from the capillary dimensions and the observed specific bulk 
conductivities of the dilute solutions, which of course include the conductiv- 
ity of the water. From these data and from the observed capillary 
resistances with the dilute solutions the specific surface conductivities are 
calculated. The results are more reliable with 1 X 10*’^ than with 5 X 10“'* 
M potassium chloride, since with the former surface conductivity is a 
considerably higher fraction of total conductivity. While the tables show 
that the normal specific surface conductivity with 1 X 10“^ M potassium 
chloride is only slightly less than with 5 X 10“'* M , we do not insist that this 
represents the real truth, because of the probable error in the latter meas- 
urements. We believe, however, that the findings permit the conclusion 
that within this range of concentrations changes in specific surface con- 
ductivity must be considerably less than changes in bulk conductivity. 
The magnitude of the present values for specific surface conductivity with 
5 X 10*"^ M potassium chloride agrees well with the value of 2.2 X 10“® 
mhos per cm.^ reported by White, Urban, and Van Atta (7). 

Many measurements of surface conductivity have been made while the 
solution was being forced through the capillary under pressure up to 60 cm. 
of mercury, and many others with no applied pressure, the liquid in the 
flask and in the outer beaker in this case being carefully brought to the 
same level. We have never seen any evidence that the flow of liquid has 
any effect on surface conductivity. Surface conductivity remains the 
same, for at least an hour after pressure is released, as it was while the 
pressure was on,-^ Whatever effect electrosmotic movement may have in 
disturbing the structure of the double layer, as postulated by McBain and 
Foster (3), would of course still be operative with the pressure released. 

Correlation between surface conductivity and zeta 

The findings on the smaller capillaries, other than the 5.4-micra capil- 
lary show a correlation between the magnitudes of zeta and of surface 
conductivity. No correlation exists with the 5.4-micra capillary because 
it was incapable at any time of showing anywhere near a normal stream 
potential, probably because of a localized constriction. It appears that 

•This, of course, does not answer McBain and Foster’s (3) objection that under 
these conditions surface conductivity, although present, is masked by a correspond- 
ing depletion of bulk solution in the capillary. We feel that the question must 
remain open for the present. 
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varistioQS in double layer chai^ density, due to spontaneous variations 
in the properties of the surface, are reflected both in stream potential and 
in surface conductivity. This correlation in a given capillary was not 
detected by White, Urban, and Van Atta (8), because determinations both 
of stream potential and of surface conductivity were not made on capil- 
laries smaUer than 18 micra, where no great accuracy in surface con- 
ductivity measurements can be attained with 5 X 10~^ Af potassium 
chloride. 


SUMMARY 

1. The stream potential, £!/F, of glass capillaries falls off with decreas- 
ing capillary diameter. This effect is due largely to the increased specific 
conductivity in the smaller capillaries, due to surface conductivity. While 
a retarding effect due to electrosmosis is no doubt present, the data do not 
permit its evaluation. 

2. The kB effect, as applied by Komagata to stream potentials, is 
negligible except with pores of ultramicroscopic size. 

3. The value of F/P with most capillaries falls with time; this is not due 
to an increase in conductivity but presumably to a decrease in zeta. 

4. The normal specific surface conductivity, measured with direct cur- 
rent, of 1 X 10“^ Af potassium chloride at a Pyrex surface is about 1.5 X 
10~*mhos per cm.* and of 5 X 10”^ Af potassium chloride about 1.7 X 10“* 
mhos per cm.* 

5. Variations in zeta in a given capillary, as shown by variations in 
B/P, are also reflected in variations in specific surface conductivity. 
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While attempting to use a Berkefeld filter candle to remove mother 
liquor from a crystalline solid, it was found extremely difficult to draw air 
through the candle by means of a vacuum pump after it was wetted by the 
aqueous mother liquor. Then it was observed that after washing the 
wetted filter with acetone it passed air readily; the acetone did not dissolve 
out a determinable amount of solid. It was thought that an investigation 
of this phenomenon might yield better insight into the behavior of these 
diatomaceous filters, and perhaps reveal why pore size determinations by 
the bubble method are erratic (1). Despite the extensive use of diatoma- 
ceous earth (3), few studies of its adsorptive power appear to have been 
made. 

All of the experiments were carried out with Berkefeld diatoma- 
ceous candles, which are supposedly of medium pore size. The apparatus 
chain consisted of a vacuum pump connected to a 4-liter round-bottom 
flask which w^as in turn connected, by means of a T-tube, to a manometer 
and a 1-liter suction flask; between pump and suction flask was a by-pass 
which allowed evacuation of the suction flask without disturbing the 
4-liter flask. The candle and its glass reservoir were fitted into the top of 
the suction flask by means of a one-hole rubber stopper. In some experi- 
ments an air-tight connection was made between the open end of the candle 
reservoir and a Friederichs' gas-washing bottle to control partially the 
water vapor content of the air entering the diatomaceous candle. Each 
unit of the apparatus was separable from the rest by stopcocks. 

The experiments were made by evacuating the system up to the Berke- 
feld candle, closing off the vacuum pump, opening the candle to the 
evacuated system, and reading the height of the mercury in the open arm 
of the manometer at regular intervals of time. From the height of the 
mercury in the open arm of the previously calibrated manometer and the 
atmospheric pressure, the pressure within the system was determined for 
each interval of time. The 4-liter flask was used in order to provide a 
reliable and duplicable pressure difference between the open side of the 

* Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June 
20-22, 1935« 
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candle and the evacuated side. In this manner runs were made using 
different candles and the same candle under different conditions. 

The first run was made using a new candle which had not been in con- 
tact with water, in order to determine the rate of flow of air through dry 
diatomaceous earth for comparison later with the rate through moist earth. 
This is candle No. 1. The next four runs with candle No. 1 were made 
using water, absolute ethanol, absolute methanol, and carbon tetrachloride. 
The data are given in table 1. The candle was completely dried each time 
before tests were made; and it was soaked thoroughly with the liquid to be 
tested, in addition to running 100 cc. of the liquid through it in each case. 
The gas-washing bottle did not contain any liquid during the runs of table 
1. In this and the other tables representative data only are pr^ented. 
In each run from twenty-five to fifty observations were made; all of these 


TABLE 1 

Adsorption of liquids by candle No. 1 


AIR 

CARBON 

TBTRACBLORIDB 

ABSOLUTE 

ETHANOL 

ABSOLUTE 

METHANOL 

WATER 

Time 

pFeesure 

Time 

Pressure 

Time 

Pressure 

Time 

Pressure 

Time 

Pressure 

seconds 

mm. 

seconds 

mm. 

seconds 

mm. 

seconds 

mm. 

seconds 

mm. 

16 

184 

10 

54 

10 

46 

10 

73 

30 

94 

30 

241 

20 

88 

20 

90 

20 

128 

210 

38 

45 

464 

30 

118 

30 

129 

30 

168 

610 

57 

60 

646 

40 

148 

40 

161 

40 

202 

810 

84 

76 

607 

50 

181 

50 

190 

60 

235 

1005 

103 

90 

649 

60 

211 

60 

216 

60 

265 

1200 

124 

105 

680 

70 

245 

70 

241 

70 

291 

1410 

152 

120 

696 

80 

277 

80 

263 

80 

320 

1605 

169.5 

136 

709 

90 

312 

90 

292 

90 

348 

1800 

208 

150 

718 

100 

344 

100 

318 

100 

I 371 

2010 

240 


points were used in plotting the curves of figures 1 and 2, and formed 
smooth curves. 

Using candle No. 2, which was new at the start, a study was made of the 
differences in rate of air flow through candles wetted by aqueous solutions. 
The data are given in table 2. Distilled water was used in all cases. All 
solutions were 1.23 M, and in each case the gas-washing bottle was filled 
with the solution being tested and connected with the candle reservoir to 
guard against clogging the filter by deposition of solid salt in the pores. 
Just before each run the candle was kept in the boiling test liquid until no 
more air bubbles escaped from it, cooled to room temperature, and placed 
in the system. From the time of immersion in the boiling test liquid until 
the start of the run the candle was kept constantly in contact with the 
liquid, 60 cc. of the test liquid being run through the candle into the sue- 
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tion flask immediately prior to the start of the run. Using the by-pass 
around the 4-liter flask the suction flask was quickly evacuated again. 
The remaining liquid in the reservoir was then poured out and the run 
started. After each run hot distilled water was passed through the candle 
until the filtrate gave no test for the solute just used; then 1 liter more of 
hot distilled water was run through the candle, thus assuring the absence 
of the electrolyte. 

The data from table 2 are plotted in figure 1, the pressures being the 
pressures within the system at the given times. The differences in the 
pressures for the various liquids at any given time are taken as measures 



of the relative amounts of adsorption by the diatomaceous filters. The 
differences shown in figure 1 cannot be due to differences in vapor pressure, 
density, or viscosity, because they are not nearly in the correct order. 
The order of ‘‘clogging^’ of the candle was: sodium sulfate > sodium ni- 
trate > sodium thiocyanate > water > sulfuric acid. If the effect were 
due entirely to changes in the water equilibrium, the order would either 
have to be the reverse of the above or the water curve would have to fall 
considerably further to the right. Experimental error is not a factor, 
because check runs made agreed to within 1.3 per cent. 

Probably owing to the small amounts of electrolytes adsorbed by silica, 
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few data are found in the literature. Qore (6) determined the amounts of 
adsorption of a number of salts and acids at different concentrations by 
silica. Since diatomaceous earth is largely silica, it may be expected to 
b^xave rou^y like silica. So far as one can determine from Gore’s re- 
sults, when recalculated for approximately molar solutions, the order of 
increasing adsorption for sodium salts is: sulfate < chloride < bromide < 
iodide. The molar sodium sulfate solution increased in concentration by 
1.09 per cent. The other salts showed positive adsorption. 

In so far as it is permissible to reason from silica to diatomaceous earth, 
the experiments of Gore provide what appears to be the soundest explana- 
tion of the present results. On this basis, sodium sulfate decreases the 
permeability of the candles to air mainly by an increase in the amount of 
water adsorbed by the diatomaceous earth. The effects produced by 


TABLE 2 

Adsorption of liquids by candle No. S 


WATBB 

BODIUM NITRATE 

SODIUM 

THIOCYANATE 

SODIUM 

SULFATE 

SULFURIC ACID 

Time 

Premure 

Time 

Preesure 

Time 

Pressure 

Time 

Pressure 

Time 

Pressure 

ttemia 

mm. 

aeconds 

mm. 1 

aeconda 

mm. 

aeconda 

mm. 

seconds 

mm. 

60 

31.5 

180 

46.5 

60 

29.5 

60 

28 5 

60 

37 5 

180 

49.5 

360 

68 5 

180 

46.5 

240 

48.5 

180 

55.5 

360 

79.5 

540 

93.5 

360 

75 5 

420 

70 5 

360 

86.0 

540 

111.5 

720 

120 5 

540 

105 5 

600 

94 5 

540 

118.0 

720 

146.5 

900 

147.5 

720 

136 5 

900 

134 5 

720 

152 0 

900 

181 5 

1080 

175 5 

900 

170.5 

1200 

179 5 

900 

189.0 

1080 

217.5 

1260 

206.5 

1080 

207.5 

1500 

1 224.5 

1080 

227.0 

1260 

255.5 

1440 

234.5 

1260 

240.5 

1800 

: 268 5 

1260 

265.5 

1440 

291.5 

1620 

262.5 

1380 

262.5 

1920 

288.5 

1380 

291 5 

. 1380 

279.5 

1800 

292 5 

1440 

274 5 

2040 

306 5 

1500 

j 320.0 


sodium nitrate and sodium thiocyanate appear to be due to adsorption of 
electrolsrte superimposed on the adsorption of water; potassium nitrate was 
adsorbed considerably more (data not obtained for sodium nitrate) than the 
corresponding halogen salts in Gore’s experiments. The position of the 
sulfuric acid curve in figure 1 is about what one would expect from the fact 
that Gore observed no effect with a molar solution of this acid; it fails 
closer to the water curve when a correction is introduced for a slight differ- 
ence in temperature which existed. In all other cases the maximum 
difference in temperature was one degree from 27*C. 

The data from table 1 are plotted in figure 2, curves 1, 2, and 3. Curve 
1 was obtained by plotting the data for methanol, while curve 2 represents 
the data for ethanol and carbon tetrachloride, the two being so close 
together that they are represented by one curve. Curve 3 was obtained 
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by plotting the data for water in candle 1. Check nins agreed within 1 
per cent. The main point of interest is the large difference between the 
curves for the organic liquids and that for water, the amounts of adsorption 
being of entirely different orders. Also there appears to be some specific 
adsorption as between the organic liquids, since vapor pressure differences 
do not entirely account for the results. In a differently arranged experi- 
ment, toluene and acetone behaved similariy to the above three organic 
liquids, did not differ much between themselves and, by comparison with 
water under those conditions, were only slightly adsorbed. Since the 
vapor pressure of toluene is about that of water, the differences between 
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Fig. 2. Adsorption by filters 


the behavior of the organic liquids and water cannot be accounted for on 
that basis. The air curve falls to the left of curve 1, of course. 

Ewe (5) points out that filters for sera prepared from the same sample of 
kieselguhr treated in the same way show considerable variability in per- 
formance. This is probably due to differences in pore size and consequent 
differences in amounts of adsorption. Table 3 contains interesting data 
on the behavior of candle No. 3, also an “N” candle, toward water. The 
data are plotted in figure 2, curve 4. There is a tremendous difference in 
the adsorption of water by this candle and candle No. 2. With candle 
No. 3 the pressure in the system was below the vapor pressure of water at 
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that temperature for over thirty minutes. The candle was virtually 
plumed by adsorbed water. The water curve in figure 1 is different again, 
there bdng less adsorption than in either of the other two cases. These 
results were duplicated. From this it appears that identity of behavior is 
not to be expected as between any two given Berkefeld candles. It might 
be worthwhile for the bacteriologist to standardize his candles by the 
amount of water they will adsorb, using the above method. 

Microscopic examination of candles No. 1, 2, and 3 revealed the reason 
for the differences in the amount of water adsorbed by them. It was 
found that with increasing adsorption of water there had been an increas- 
ing amount of destruction of the diatoms, probably during the process of 
manufacture. In other words, the fragments of the diatoms were smaller 
with increasing adsorption, which probably means smaller pore size and 
which certainly means an increased specific adsorbing surface. 


TABLE 3 

Adsorption of water by candle No. S 


TIMB 

PRESaUBB 

TIME 

PRESSURE 

89 C 0 nd» 

mm. 

aeconda \ 

mm. 

16 

20 5 

1200 

23 5 

90 

21 5 

1800 

23 5 

240 

21.5 

3000 

26 5 

600 

21 5 

4600 

28 0 

900 

22.5 

7200 

29 0 


We can now see why pore size determinations in ultrafilters are erratic. 
Bechhold (2) gives two methods for the determination of pore sizes of ultra- 
filters, which he calls the air transpiration method and the rate of trans- 
fusion of water method, respectively. The air transpiration method fahs 
down in such filters as the Berkefeld, where the water is strongly adsorbed; 
two different liquids would give two different values depending on their 
relative adsorptions, and two different filters would give different values 
which would express both a difference in pore size and a difference in 
adsorption. Measurements such as those of Einstein and Muhsam (4), 
in which ether was used instead of water, are probably free from this 
objection, because it is not to be expected that the ether is strongly ad- 
sorbed by the Berkefeld filter. In the rate of transfusion method no 
account is taken of the effect of adsorption. This method is defective to 
that extent. It seems clear that more concordant results on pore size 
should be obtained by the use of a non-adsorbed or slightly adsorbed 
liquid, and the pore size should be greater the less ihe adsorption. 

The general results of this paper are as follows: 

1. Diatomaceous earth adsorbs water strongly. 
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2. Berkefeld filters of the same rating show great variation in behavior 
when wetted by water, probably because the diatoms are crushed to 
diifferent degrees. 

3. Salts are adsorbed by diatomaceous earth, sodium thiocyanate being 
less strongly adsorbed than sodium nitrate. 

4. There is quite strong negative adsorption of a sodium sulfate solu- 
tion by the Berkefeld filter. 

6. Organic liquids tested were adsorbed less than water. 

6. A method is suggested for the evaluation of Berkefeld filters for bac- 
teriological work. 

7, Certain pore size determinations on ultrafilters are shown to be 
defective. 
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Zeolites are silicates of calcium, sodium, or potassium together with some 
aluminum in the anion structure. They occur as minerals in certain vol- 
canic rocks and often form very large and beautiful crystals. Artificial 
zeolites are made technically for use in water-softening processes, but these 
substances are not nearly as well defined or well crystallized as the natural 
minerals. 

It has been known for a long time that zeolite crystals show some very 
unusual properties. (For complete literature references see ref. 2.) They 
are capable of exchanging reversibly both the cations in the structure 
against others (for example, Ca against 2Na, and so on), and the water of 
crystallization against other substances, like ammonia, carbon dioxide, and 
hydrogen. The cation exchange is the basis of the technical use of zeolites 
in water-softening. It is quite remarkable that the exchange processes, 
if performed carefully, leave the crystal lattice unspoiled, as x-ray meas- 
urements have shown. Only slight modification of the parameters may 
occur, corresponding to shrinking or expansion of the lattice. Even the 
crystal itself may be left entirely intact, transparent, and without cracks. 
The reverse process gives a crystal which cannot be distinguished from an 
untreated specimen. 

During the last five or ten years our knowledge of the lattice structures of 
silicates has increased enormously, thanks to the work of W. L. Bragg and 
his collaborators, especially W. H. Taylor (1). Their studies include a 
number of the simplest zeolite minerals, and their results give a very good 
explanation of the remarkable behavior of this class of crystals. For a 
recent survey of the work on zeolites see the paper by W. H. Taylor (4). 
It has been found that the zeolite lattice is built up of a very rigid frame- 
work of SiOi and AIO4 anions, forming a sort of giant anion. This frame- 
work contains channels of sufliciently large diameter to admit cations, water 
molecules, and other substances of not too big molecular size. The cations 
and water molecules are not placed at random in the framework, but are 
fixed to definite positions, which can be determined. The water molecules 
seem to be most closely associated with the cations of the structure. 

The vapor pressure over a dehydrated zeolite crystal, partially saturated 
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with water, ammonia, or other gas, varies continuously with the amount 
bound by the crystal. In fact, the curve looks very much like an ordinary 
adsorption isotherm (see figure 1). There are no sharp discontinuities 
corresponding to certain molar ratios, as one gets with crystal hydrates and 
ammoniates. 

The study of the adsorption properties of these crystals is of great interest 
since few, if any, adsorbents possess such a well-defined character. We 



Fig. 1. Adsorption of water vapor by chabasite (measurements by Tiselius and 
Brohult). p •“ pressure in mm. of Hg; A * adsorbed quantity in grams -per 1(X) 
grams of dehydrated material. 

Fig. 2. Adsorption of ammonia by analcite. p *= pressure in mm. of Hg; A « 
adsorbed quantity in cc. at N.T.P. per gram of dehydrated material. 

know that for these adsorbents, the molecules held in the lattice take up 
definite positions which, in some cases, can be determined. We also know 
the number of lattice positions available in the crystal. Being silicates, 
these substances are chemicaUy inert and stable, and therefore give results 
which are quite reproducible as compared with adsorbents such as charcoal, 
whose adsorption capacity varies with the origin and previous treatment of 
the material. 
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The zeolite structure described above explains an interesting character- 
istic of zeolite adsorption: there seems to be a certain maximum size of 
molecules above which no adsorption takes place. Chabasite, for example, 
adsorbs readily helium, hydrogen, oxygen, nitrogen, carbon dioxide, water, 
ammonia, methyl alcohol, and ethyl alcohol, but not benzene, ether, the 
higher alcohols and larger molecules (3, 7). Charcoal, on the other hand, 
having pores of all sizes, adsorbs very large molecules especially strongly. 
This may also be a reason for the good reproducibility of zeolite adsorbents: 
since they admit only quite small molecules which are easily volatilized, 
they can be freed completely from foreign contaminations by heating in a 
vacuum. 



Fig. 3. Adsorption of ammonia by analcite plotted according to Langmuir 

Since the molecules in a zeolite lattice are bound to definite positions, one 
would expect Langmuir^s theoretical considerations on adsorption to be 
applicable. It makes no difference, of course, that we have to deal with a 
three-dimensional instead of a two-dimensional case. The assumptions 
made by Langmuir in the simplest cases were that all the adsorbed mole- 
cules be bound with the same energy and that there be no interaction 
between adsorbed molecules. As regards the first point we may obtain 
some information from x-ray data. W. H. Taylor (4) found that in some 
cases, for example, thomsonite, there are three different kinds of equivalent 
positions for the water molecules; in others, for example, scolecite and 
chavassite (8), there are two kinds; but in two of the cases investigated 
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hitlierto, aatrolite and analcite, there is only one kind. Most of the work 
on zeolite adsorption has been made with chabasite, which is the most 
conrenient to work with experimentally, the adsorption capacity being very 
high (like that of activated charcoal) and the equilibria being established 
rapidly. 

From the resvilts mentioned, however, analcite and natrolite should be 
expected to show the simplest behavior. The author has recently meas- 
ured the adsorption of ammonia on dehydrated analcite, and similar work 
is being carried on at Upsala by S. Brohvdt. These measurements are 
difBcult, since the rate of adsorption is low, and it is possible to get equilib- 
ria within a reasonable time only at high temperatures (about 250“C.). 
Some results are shown in figures 2 and 3. The isotherms obey the Lang- 
muir law quite well up to an adsorbed quantity of about 25 cc., as shown by 
figure 3. Still more important is the fact that the heat of adsorption, 

TABLE 1 


HeatB of adsorption of ammonia on analcite, calculaled by use of the Clapeyron equation 
on the sot''- and the $41 .S'‘-isotherms in figure t 


AMOUNT ADSOBBSD 

A OC. FXR OBAM OP DBBTOBATBD MATBBIAL 

HBAT OP ADSORPTION 

Q CALORIBS 

5 

16880 

10 

16530 

15 

16860 

20 

16700 

25 

16350 

Average 

16640 


calculated in the usual way from the isotherms by the Clapeyron equation, 
is constant over a wide range, as shown by the results given in table 1. 
This is not usually the case, the heat of adsorption often being much larger 
for the first amounts adsorbed than for later amounts. It is certainly not 
"true for the S3rstem chabasite-water. Still this is a necessary condition for 
the validity of Langmuir’s law. The other condition is the lack of inter- 
action between adsorbed molecules. The deviation of the curve in figure 3 
from a straight line for higher concentrations indicates that such an inter- 
action takes place under such conditions, although no determinations of 
heats of adsorption could be made. The constant a in the Langmuir 
equation 

A _ 

1 + fep 

calculated from the isotherms in figure 2, is 124 cc. at 302‘’C. and 125 cc. at 
SdLS^C. Ilie value calculated from the number of spaces available in the 
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crystal is 118 cc., in good agrooincnt with the experimental valu(‘. Usually 
the constant decreases rapidly witli t(»mperatiire, on account of a wid(‘ 
variation in the (^nergy of adsorption over th(‘ surface. As regards the 
nature of the binding forc(‘S in th(\se crystals, the x-ray nieasun'iiients by 
W. H. Taylor r(‘f(‘rr(‘(l to above' (4) sliow that the water niolecuk's an* 
plac(*d ill a more or If*ss d(*form('d t.('trah(*dron, with two sodium ions (for 
analcite* and natroIit(‘) and two oxyg(*n ions at the corniTs. lOvideaitly the 
molecule is h(‘ld in a sort of “dipole hok*’^ and theTefon* in a st rong electro- 
static fi('kl. This ('xplains why niok'ciik's witii ])(TmaiK‘nt moiiK'iits lik(‘ 
wat(‘r and ammonia an' so strongly adsorbed. As far as th(‘ water mole- 
cuk's an' conce'nu'd, th(' arrange'nu'iit is very similar Xo that found in 
ordinary crystal hydrate's like' ( 'aSOi • 21 l 2 ( ). 

The' feillowing e'XjH'rinK'nt alsei inelicate's that coordinatiein Aak'iicie's 
play a role*. A thin se'ction of a transpan'iit cliabasite' crystal wa^^ e'om- 
jik'te'ly t ransformc'd into co])pe*r cliabasite liy k('e'])ing the* crystal for se*v(‘ral 
elays in a ceijiix'r sulfate* seilutiein at 1()()°(\ The* crystal, neiw sheiwing the* 
e‘harae*te'ristie* blue* e*e)k)r eii e‘e)ppe*r salts, was ek'hyelrated anei ammeniia k‘t 
in. An aliseirjitiem spe*e‘trum was takeau using the* epiartz vae'uum e*hambe‘r 
ek'scribe'el be*km. This spe'e'trum ])re)ve*el tei be* iek'ntical with that eibtame'el 
freim a seilutmn e'emtaining e'eippe'i* ammemium ieins. 

Ze'edite's leirm a V(‘ry suitable* material for inve'stigating the* me'cluimsm of 
the* kine‘tie*s e)f aelseirjit iem. The* rate* eif aelseirptiem, as nu'asunal m the* 
usual way ein pe)wek*rs, varie*s freim fractiems eif erne* se*e*e)nd tei almeist infinite* 
time*. With the* same* ze*oIite* eliffe*re*nt substance's an* adseirbc'ei at \e*rv 
eliffe*re*nt rate's; e*habasite take*s u]) hyeln)ge*n anel w’ate*r vajieir at rexim 
te*mpe‘ratun* in a lew minute's, whe*re*as leieline* or me're*uiy are* take*n up at a 
me*asurabk* spe*e*el emly at te*mpe‘rature*s abeive* 100 200°( \ l)iffe*re‘nt 
ze*e)lite‘s alse) eliffe'r teiwarel erne* anel the* same* substane*e‘. Anak’ite* elex's neit 
aelseirb any wate*r e>r animemia at reieim te*mpe‘rature*, but whe'ii lu'ate'd abe)\ e* 
100°(' it (ake's up sleiwly large* ameaints of the*se* ga‘^e*s, altheiiigli the* rate* 
be*e*e)me*s sufhe*ie'nt ly higli tei make* me*asure*me*nts eil e'ejuilibna w it Inn a 
re*a,se)nabk* I line*, emly above* 250°C\ One* may eibtaiii seime* insight into the* 
me‘e*hanism eif the*se* pre)cf*sse*s liy me*asure*menls ein pe)WTk*rs. Mue'h meire 
de*taik*el inibrmatie)]!, he)W’e*ve*r, can be* eibtaiiu'd by using a elire*e‘t e)])tie*al 
me'theiel eif e)bse*rving what happe*ns in a single*, evacuatt*el ze*e)lite* crystal 
w'he*n a gas, feir (‘xample, wate'r vapor, is being adseirbe'd. It has be*en 
me*ntie)ne*el alre*ady that some* ze*olite* crystals remain transj)are*nt afte*r 
ek'hyelratiein and ivaelsorjitiem, at k*ast if the e>j)e*rations are* ]K*rfe)rme*el V(*ry 
slowly and care is take'ii tei avoiel toe) high te*m])e*rature*s or sudde*n te*mpe'ra- 
ture change's. The*se* e*mpty or partially saturateel crystals show, whe*n 
inve*stigate*d under the* polarizing microse*oj>e*, some ^ e*ry inte*re*sting (4iange*s 
in ojitical ])rope*rtie*s which e*aii be ase*ribe*el to a ceintinuous e’hange* of 
deiuble refraction and e'xtinetion angle with the variatiein of the* amount eif 
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water or any other substance in the crystal. Measurements of these 
quantities can therefore be used as an accurate method of determining the 
concentration of the adsorbed substance in any part of the crystal and 
make it possible to observe directly on a single crystal how it is penetrated 
by a substance being adsorbed. 

To make observations of this kind, a small (chamber was constructed of 
optical quartz, fused together vacuum-tight, which could be conne(*ted to a 
vacuum apparatus by a ground joint. The chamber could be i)laced in a 
microfurnace under thii microscope, and it was thus possible to make 
observations in a vacaium or any gas pressure desirf^d at temperatures up 
to about 500°(1 The first investigation of this kind was made with the 
zeolite heulandite, whi(;h is especially (^asy to obtain in optical samples 
(6). The experimental arrangement is shown in figure 4. K is the quartz 


P 



Fi(5. 4. Experimental arrangement for direct optical ()l)servati()n of difTusion of 
substances adsorlx'd in single zeolite crystals. 

chamber, encloseid in the microfurnace, P is the polarizing microscoix*, and 
the rest is an arrangement for maintaining a constant water vapor prcNssure. 
Figure 5 shows a scries of exposures of a heulandite^ crystal adsorbing 
water. They were taken betwcxui crossed nicols in monochromatic (so- 
dium) light. The first exposure shows the jiartially dehydrated crystal 
before starting the experiment; the others show tin; changes taking plac(^ 
after water vapor has been admitted. Two black interference bands, 
parallel to the surface, migrate slowly into the crystal. In white light a 
similar series of brightly colored bands is observed. The effect depends, of 
course, upon the change in double refraction produced by tho adsorbed 
water, the positions of the black bands at any time corresponding to water 
concentrations giving a double refraction that extinguishes sodium light 
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for the thickness of th(i crystal plate? employed. Mon* bands an* observ(?d 
(figure 6) if a more strongly d(‘hydraled crystal is us(*d, so that the* inter\ al 
of water concent ration becoiiK^s greater. 

The distance trav(*lled by eacli band is j)roj)ortional to the? square* root of 
time (figure? 7), which is in agiwment with the* re*eiuire‘ments of the the‘ory 
of eliffusion. The ine‘asure*inent e)f the*se elistanc(*s femns a ce)nv(*n]e*n1 
m(?the)d for determining the* eliffusion e*onstant, if the? re*latie)n be*tv\e*(*n 
elouble* n^fraction and uate'r e*e)ncentration in the* e*rystal has l)e*en de*ter- 
mined. By using a e*e>inpe*nsate)r with the* microse*(^pe one e*an follow' also 





Fkj. ej 

Fkj.s. T) \i\j) (i, Micro])h«>t()Kniphs of the diffusion of water adsorlx'd in a heulan- 
dit<* crystal, expos(*d between crossed nicols in sodium h^^ht 



the* change of double* refraction with time at a jioint a fixe*(l distance from 
the* surface*. 

The*se' me'thods re*V('al a strong aniseitropy eif eliffusion, as figure* S el(*nuui- 
strate\s. Fiirthe'rmon*, the eliffusion in the elin*ctie)n of e)bse*rvatie)n (pe*!- 
pe*nelicular tei the plane* e>f the* paper in figure's 5, 6, anel 8) is inimeasurabh^ 
small. 

The re*sults show that the* migratiem of the water me)le'cule‘s in the* crystal 
fedleiw's the eirelinary diffusieni laws feir sedutiems. This is, he)W'e*ve*r, true 
only feir small cone'entration intervals. Measurenu'nts over wide*r inter- 
vals show' that Fie‘k\s law' is still valid, but the diffusiem e*emstant is strongly 
elependent. on the* concent ratiem, at least for low' conce'iitrations, as shown 
by the* results in table 2. The probable r(*ason for this abnormal behavior 
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is the fact that adsorption is thermodynamically not a case of ideal solu- 
tion; instead, the vapor pressure increases faster than proportional to the 
concentration. Moreover, for heulandite, the first amounts of water 
adsorbed are exceptionally firmly bound by the lattice, making it more 
difficult for the molecules to jump to an adjacent position. Since we know 
that the molecules take up definite positions in a lattice, the most plausible 
mechanism of diffusion is that of “hopping’^ from one position to another, 



Fig. 7. The squart* of the travelled distance of each interference band is 

proportional to t 



Fig. 8. Anisotropy of diffusion of adsorbed water in a crystal of heulandite 

already assumed by Langmuir and others for describing surface diffusion 
phenomena. The chance of hopping, and hence the diffusioi^ constant Z), 
should in such a case be proportional to the exponential where q 

is the energy of activation of diffusion. Plotting log D against 1/T should 
give a straight line, which is actually the case (figure 9). The different 
crystallographic directions give different temperature coefficients. For 
diffusion perpendicular to (201), q = 5400 cal.; for diffusion perpendicular 
to (001), q = 9140 cal. It is interesting to compare the values of q thus 
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obtained with the heat of adsorption, which for water in heulandite is 
14,100 cal. at the concentration where the temperature coefficients were 
determined. For making a diffusion jiunp, therefore, only 0.4 to 0.65 of 
the energy required to jump entirely out of the lattice is necessary. One 

TABLE 2 


Diffttsion constants for water in hetdandiie at £0.0®C., in the direction perpendicular 

to im) 


WATSB COMOSKTRATION 

D X 10' 

WATBB CONCBNTRATION 

D X 10' 

par cent 

cm 

per cent 


10 

about 0.04 

15 

2.7 

11 

about 0.2 

16 

3 6 

12 

0 7 

17 

4 0 

13 

1.3 

18 

4 0 

14 

2 0 

19 

3.3 


The diffusion constants in the direction perpendicular to (001) are 11.6 times 
smaller. 



Fig. 9. Temperature dependence of the diffusion constant for water 
adsorbed in heulandite 

may imagine this as a result of the adsorption spaces being so near to each 
other that their force fields partially overlap. 

Recently the author has made six^ar experiments on the system analcite 
and ammonia. Although the work has not yet been concluded, it is quite 






232 


ABNii Tisixnrs 


evident tiut the division constant is very much lower and the activatkm 
energy is very high, equal to or even lai^ than the b%t of adsorption, 
which in this case is 16,600 cal. One reason for this may be that the ad- 
sorption spaces in analcite are very widely separated (as is known from its 
crystal structure and water content). 

Ihe kinetics of adsorption, especially the slow or activated adsorption, 
has attracted much attention during recent years. The experiments have 
so far been made enslusively on powders or conglomerates of crystals by 
volumetric methods. However, in the investigations just described it is 
certain that the diffusion in the crystal is the rate-determining factor. 
This is evident from the fact that the concentration at the surface all the 
time during the adsorption process is constant and equal to the saturation 
value, as CMi be observed Meetly under the microscope. This may not 
always be the case for adsorption in zeolites, and it is therefore valuable 
to be able to get additional information by the optical method described. 
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In a previous publication (1) a method was described which made it 
possible to study the sorption of bromine and iodine by porous adsorbents 
over a rather wide pressure range at several temperatures. At that time 
the sorption of bromine and iodine by silica gel at several temperatures was 
reported. Equilibria for adsorption and desorption were established rapidly 
in the case of silica gel. In the present study on charcoal equilibrium was 
reached slowly, so that rates of sorption were measured in addition to the 
determination of the amounts taken up at equilibrium. 

The charcoal used in this investigation was prepared from coconut shells. 
Broken coconut shells were cleaned and then placed in a large Soxhlet 
extractor where they were successively extracted for prolonged periods 
with ether, alcohol, and finally water. The extracted shells were coked 
in a covered iron crucible in a sand bath. The temperature was raised 
slowly to 650~575®C. and held there for half an hour after the last flam- 
mable vapors came off. After cooling the charcoal was crushed and 
sieved. A portion of 25 g. that passed a 10-mesh and was retained by a 
20-mesh sieve was taken for activation. This was packed in a clean silica 
combustion tube and heated to 860®C. in an electric furnace. Super- 
heated steam from a small boiler was passed over the charcoal for thirty 
minutes. After cooling, the average loss in weight on activation by steam 
was found to be 25 per cent of the initial weight. The steam-activated 
charcoal was then placed in a silica tube and heated to 700®C. while it was 
evacuated with a pair of Langmuir condensation pumps. The charcoal 
was protected from mercury vapor by a liquid air trap. After a 24-hour 
evacuation the charcoal was cooled to room temperature and oxygen 
admitted. After standing some time in an atmosphere of oxygen the 
charcoal was again heated and evacuated for a period of 48 hours. The 
charcoal was then cooled in an atmosphere of nitrogen. On ashing in a 
platinum crucible the following results were obtained: ash, 0.185 per cent; 
ash as sulfate, 0.233 per cent; silica, 0.026 per cent. 

The charcoal was crushed in an agate mortar and that portion used which 
passed a 60-mesh and was retained by a 100-mesh screen. About 0.2 g. 
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TABLE 1 

Soii^iion 0 f bromine by charcoal 


raissvaa xn 
M l. oosaacTBD 

x/u 

rnuuMoum 
rsB oaAii or 
•OABurr 

aOUBSPOB 

EAAxnNa 

PABMVBSXK 
Ml. ooMBoraa 

X/M 

unaMiOLXM 

paAGMIlOf 

soBxairT 

votrM roA 

ASAOXMO 

Isotherm at 58.0*0. 

Isotherm at 08,1*0.*— concluded 

0.63t 

4.155 

0.0 

266.2 

6.338* 

22.0 

3.0t 

4.607 

4.5 

68.0 

5.076* 

22.0 

U.4t 

4.072 

14.0 

18.2 

4.776* 

25.0 

68.8 

5.358 

20.0 


4.124* 

10.0§ 

140.4 

5.554 

21.6 


3.121* 

22.0 

266.7 

5.665 

23.0 

— 




6.770 

24.0 

Isotherm at 137.6*0. 


6.849 

22.0 





6.804* 


0.03t 


20.5 

285.8 

6.702* 


1.8t 


23.5 

140.4 

6.679* 


19.2 

4.207 

24.0 

67.4 

6.469* 


68.1 

4.629 

19.0 

n.4t 

5.140* 


265.8 


23.0 

1.8t 

4.787* 


791.6 

5.217 

24.0 

0.63t 

4.446* 


266.7 

5.013* 

24.0 

o.ost 

3.904* 


60.5 

4.671* 

32.0 




20.3 

4.244* 

21.0 

Oheck isotherm at 68.0*0. 

after deter- 

1.8 

3.377* 

25.5 

mining isotherms at higher temper- 

0.03 

2.623* 

24.6 

atures recorded in this same table 





3.431 

72.0 

Isoi 

therm at 178.4 

*0. 


5.456 

23.5 

0.03t 

2.260 

38.0 

605.6 

5.836 

24.0 

3.0 


33.0 

68.3 

5,466* 

25.0 

16.8 

3.619 

25.0 


3,163* 

24.0 

67.2 

4.143 

20.0 




266.8 

4.628 

23.5 

Isotherm at 08.1*0. 

787.8 

4.890 

26.0 




266.7 

4.646* 

20.0 

o.ost 


22.0 

69.2 

4.186* 

27.0 

3. Of 


24.0 

17.8 

3.652* 

26.5 

18.6 

4.720 

27.0 

3.0t 

3.054* 

23.5 

68.3 

5.048 

24.0 

0.03t 

2.247* 

72.0 

266.2 

5.311 

21.0 




702.3 

5.627 

20.0 





Desorption readings. 

t Values derived from vapor pressure function. 
t High vacuum with charcoal at 58.0*0, 

§ Thermostat had to be reset on temperature. 
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TABLE 2 

Rates of sorption of bromine by charcoal at 1S7,6''C. 


TXMB IN 
MllfUTXS 

SPRING 

LINGTB 

IN MM. 

MILLI* 
MOLES PSR 
GRAM 

TIMS IN 
MINtTTSB 

SPRING 

LENGTH 

IN MM. 

MXLLI> 
MOLES PER 
ORAM 

TIME IN 
MINUTES 

SPRING 

LENGTH 

IN MM. 

milli- 
moles PEK 
ORAM 

Pressiire — 0.03 mm. ;♦ tern- 

Pressure — 265.8 mm. 

Pressure = 20.3 mm.* 

















137.7“C. 


0 

62.443 

4.623 

0 

62.504 

4.671 



— 

5 

62.050 

4.906 

15 

61.900 

4.313 

0 

60.031 

3.120 

10 

62.985 

4.932 

25 

61.877 

4.293 

20 

69.507 

2.056 

25 

62.999 

4.946 

85 

61.824 

4.271 

65 

50.252 

2.755 

180 

63.037 

4.974 

195 

61.796 

4.255 

105 

50.125 

2.678 

400 

63.040 

4.976 

1070 

61.780 

4.242 

000 

50.000 

2.600 

730 

63.055 

4 985 

1280 

61.770 

4 241 

1230 

50.001 

2.687 

1300 

63.064 

4.990 




















Pressure « 1 .8 mm. 

Pressure * 791.5 mm. 










0 

61 770 

4 241 


50.001 

2.587 

0 

63.064 

4.900 

10 

61.110 

3.851 


50.820 

3.086 

5 

63.370 

5.153 

20 

60 831 

3.687 

45 

60.043 

3.220 

10 

63.396 

5.179 

30 

60.688 

3.597 


60.221 

3.304 

30 

63.405 

5 184 

55 

60 532 

3.511 


60.240 

3.330 

170 

63.420 

5.193 

420 

60.361 

3.411 


60.276 

3.361 

410 

63.433 

5 201 

1090 

60.328 

3 391 

1355 

60.267 

3.355 

830 

63.448 

5.216 

1600 

60.302 

3.376 




1420 

63 450 








O.Ml 




Pressure » 10.2 mm. 




Pressure ■■ 0.03 mm.* 






9 * 







jrresBure « mm. i 




0 

60 267 

3 355 




0 

60 302 

3 376 

15 

61.280 

3.051 

0 


5 217 

5 

60.234 

3 324 

20 

61.457 

4 073 

5 


5 050 

10 

60 082 

3 241 

25 

61.401 

4.060 

15 

63.146 

5 038 

20 

59 901 

3.122 

40 

61.564 

4.112 

60 

63.111 

5.018 

60 

59.518 


100 

61.633 

4.146 

270 

63 107 

5.015 

120 

59.340 


645 

61,703 

4.176 

520 

63.103 

5.013 

195 

59.222 


1425 

61 715 

4.174 

760 

63.104 

5 014 

250 

59.184 

2.713 




1330 

63.102 

5.012 

910 

59.110 

2,657 

Pressure » 68.1 mm. 




1460 

59.021 

2.617 











X ic;oDi 


nun. 




0 

61 715 

4 174 







5 

62.034 

4.370 

0 


5.012 




10 

62.303 

4.520 

5 

62.656 

4 757 




15 

62.357 

4.566 

15 

62.620 

4.739 




30 

62.370 

4.586 

60 

62.540 

4.602 




60 

62.305 

4,607 

520 

62.520 

4.680 




140 

62.413 

4.612 

670 

62.517 

4.678 




245 

62.415 

4.613 

885 

62.516 

4.678 




405 

62.425 

4.610 

1035 

62.504 

4.671 




1100 

62.443 

4.623 








* Desorption readings. 
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of this charcoal was weighed into the little glass bucket of the McBain 
balance. The experimental procedure was the same as previously de- 
scribed (1). 

Table 1 gives the results obtained for the sorption of bromine by charcoal 
at 58®, 98.1®, 137.6®, and 178.4®C. Table 2 gives the complete data at 
137.6®C. for the rates of adsorption and desorption of bromine by the char- 
coal. Table 3 records the results of the sorption studies of iodine on char- 
coal. It should be noted that during desorption it was never possible to 

* TABLE 3 


Sorption of iodine by charcoal 


PRBSSUBB IN 
im . CORRBCTBD 

X/M 

MIXXIBIOLSS 
PRB GRAM OF 
SORBKNT 

HOURS FOB 
READING 

PRESSURE IN 
MM. CORRECTED 

xm 

MILLIMOLES 
PER GRAM OF 
SORBENT 

HOURS FOR 
READING 

Isotherm at 178.4®C. 

Isotherm at 218.8‘’C . — concluded 

0.03t 

0.07492 

5.5 

234.0 

0.2721 

2.2 

10.6 

0.2341 

2 0 

423 5 

0.2820 

2.2 

80.0 

0.2774 

12 5 


0.2882 

2 7 

169.0 

0.2897 

3.0 

317 5 

0 2784* 

2.2 

234.0 

0.2963 

1.5 


0.2593* 


368.0 

0.3036 

1.2 


0.2315* 


100 0 

0.2815* 

4.0 

2 Ot 



26.0 

0.2614* 

10 5 




4.3 

0.2205* 

2.5 



8 0 

0.03t 

0 0759* 

30.0 

— 






Isotherm at 178.4®C. 

Isotherm at 218,8°C. 







2 Of 

0 2064 

1 0 

0.03t 

0.0416 

17.0 

79.7 

0.2889 

18 0 

10.6 

0.1881 

3,5 

168.4 

0,3011 

3 0 

80.0 

0.2525 

1.2 

420 0 

0.3175 

2 0 

169.0 

0,2671 

12.0 

315.5 

0.3141* 

14 0 




118.5 

0.2963* 

4 0 


* Desorption readings. 

t Value derived from vapor pressure fimction. 
t High vacuum at 525'’C., spring measured at 37°C. 


completely remove the bromine or iodine which had been adsorbed by the 
activated charcoal. 

In a previous paper in this journal (2) figures were given for the data here 
presented. They are not therefore repeated here. The data are given as a 
matter of record for other investigators. 

SUMMABY 

1. Data are given for the sorption of bromine by activated charcoal at 
58®, 98.1®, 137.6®, and 178.4®C. 
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2. Data are given for the rates of adsorption and desorption of bromine 
by charcoal at 137.6®C. 

3. Data are given for the sorption of iodine by activated charcoal at 
178.4® and 218.8®C. 


REFERENCES 

(1) Cameron, A. E., and Rbyerson, L. H.: J. Phys. Chem. 39, 169 (1935). 

(2) Rbyerson, L. H., and Cameron, A. E.: J. Phys. Chem. 39, 181 (1935). 




STUDIES OF POLARIZATION DISCHARGES IN MULTIPLE 
ELECTRODE SYSTEMS 


HERSCHEL HUNT, JOSEPH F. CHITTUM, and HENRY M. GRUBBY 
Department of Chemistry ^ Purdue University j West Lafayette^ Indiana 

Received May 28^ 19S5 

Each of two identical exploring electrodes, in equilibrium with an 
electrolytic solution, immersed between the current electrodes of an 
electrolytic cell, will conduct approximately the same amount of current. 
The current passing through two such exploring electrodes in the sam(' 
direction will build up a positive pole and an equal negative pole on each 
electrode. The two exploring electrodes will form two concentration 
polarization storage batteries that will rapidly discharge when the polar- 
izing current is stopped because each battery is shorted by the metal 
of the electrode. A definite current will continue to flow through the 
solution between the two exploring electrodes, if one tries to measure the 
potential difference between the two electrodes immediately after the 
applied current is stopped. Under these circumstances, we have ob- 
served currents that last for minutes and have measured these currents in 
various electrodes and cell systems. 

The current electrodes become polarized during the passage of current. 
Also it has been pointed out that each current electrode becomes polarized 
differently at different points on its surface. We have observed currents 
that last for minutes midway between two electrodes twenty inches apart, 
when the only possible source of these currents was the two polarized 
current electrodes behaving as two shorted storage batteries connected 
together. There was no metallic connection between these electrodes, 
only the electrolytic connection. 

Since the effect shows up with alternating current also, such currents 
will obviously affect the measurement of the conductivity and dielectric 
constant of electrolytes if electrodes are used. Therefore, the second 
part of this study was made to investigate the source of these currents and, 
if possible, their magnitude under various conditions. The variables can- 
not all be accurately controlled and the currents measured cannot be used 
to correct existing data, but it is pointed out that in the future apparatus 
should be designed that will eliminate any possibility of having these 

^ Purdue Research Foundation Fellow. 
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currents when they are important. The experimental part will indicate 
that the latter precaution is imperative. 

BXFBBUlISiNTAIi 

Electrodes and cells 

Calomel, hydrogen, mercury-mercuric oxide, mercury-merciuDus sul- 
fate, silver, sUver-silver chloride, and copper electrodes, all prepared by 
standard procedures, were used with solutions that would be in equilibriiim 
with the electrodes. The most satisfactory chloride electrodes were made 
by uniformly coating pure silver wire or silver foil with the chloride, by 
electrolysis in a concentrated solution of the chloride to be studied. Elec- 
trodes whose potentials varied by less than a tenth of a millivolt could 
be prepared by this method. Two shapes were used, straight wires 
(size 16) with about two inches immersed vertically in the solution, as 
in figure 1, and electrodes with the same amount of surface exposed, but 



Fia. 1. The simple cell. A, anode; C, cathode; E, and Eo, exploring electrodes 

bent as in figure 2. The current electrodes, prepared in the same way, are 
designated as A and C; the exploring electrodes as E. and Ec. 

Measuring instruments 

A Leeds and Northrup galvanometer (Type HS) of 2 X 10“*^ amperes 
per millimeter current sensitivity and of very low resistance was used to 
measure the current. A vacuum tube voltmeter (Tube No. 30), with high 
resistance, was used for a part of the measurements. 

Smtch 

A double, double pole, single throw switch on Bakelite with platiniun 
to mercury contacts was employed. It was capable of breaking both sides 
of the charging current and connecting the measuring instrument 0.001 of a 
second later. A walking beam was attached to the switch to manipulate 
the protecting glass shield (I in figure 2). 
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Procedure 

The experimental procedure involved the arbitrary control of the time 
the applied current was allowed to flow, the magnitude of the current, the 
resistance of the solution between the exploring electrodes, the frequency 
of the current if alternating current is used, the size and shape of the 
exploring electrodes, the solvent, the solute, the size and shape of the 
vessel containing the electrodes, the time elapsing between cutting off the 
applied current and measuring the produced current, the position of Ea and 
Eo with respect to A and C, and the temperature of the solution. The 





Fig. 2. The complete cell 


time of passage of current through the solution was taken as thirty seconds. 
An average effect independent of imperfections in construction was 
obtained by reversing the current. 

During experiments of the first type, the apparatus shown in figure 2 
was used with some one of the above mentioned solution-electrode systems. 
The switch was thrown after thirty seconds, thereby disconnecting the 
applied current, lowering the shield from around Ea and Eo in order to 
expose them to the solution through which a current had passed, and con- 
necting the measuring apparatus. No current was detected in the solu- 
tion between Ea and Eo. 
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In the second type <rf experiment the same procedure, without the glass 
fihidd, was followed. Then a current of 1 X 10"* to 1 X 10"* milliam- 
peres was found flowing through the measuring instruments; the current 
was flowing in ihe same direction in which it would flow if the instruments 
were connected while the applied current was flowing. 

In the third type of experiment the current electrodes were placed inside 
the trough, about six inches outside E. and Eo, which were four inches 
apart. The glass shield protecting E. and E. from the charging current 
was replaced, the solution was violently stirred, and the regular procedure 
was repeated to stop the current and to expose E. and Ee. (a) If the 
current electrodes were placed vertically in the cell, a current of 1 X 10"® 
to 1 X 10"* milliamperes was found flowing through the instruments in 
the same direction as in the previous experiment (figure 4). (b) If the 
current electrodes were placed horizontally in the cell, a similar current 
was found flowing in the opposite direction (figure 5). 

The fourth type of experiment was a repetition of the third, except that 
the shield was not used, and the current electrodes were polarized in a 
beaker completely outside of the system, washed in distilled water, and 
then transferred to the cell (figure 2). The presence of the polarized 
electrode produced a current of 1 X 10"* milliamperes in the measuring 
instruments in the same directions as in the third t}rpe of experiments, 
which means that the polarization is in the surface of the electrodes and is 
not uniform over the surface of the same electrode. 

The above group of experiments gives us some definite information 
concerning the nature of the phenomena. The observed current has 
nothing to do with general concentration polarization of the electrolyte. 
It is not a phenomenon of some peculiar dielectric polarization, nor an 
external condenser in the electrical system. 

In the fifth type of experiment the current electrodes A and C were 
returned to the beakers, and the electrodes E. and Ec were rotated at a 
high rate of speed (more than 100 r.p.m.). The results were very similar 
to the results obtained in the second tjrpe of experiment, except that the 
currents measured were much smaller than when the electrodes E, and 
Ec were stationary. If only one electrode was rotated, we obtained 
electrokinetic phenomena about which we will report later. 

The above experiment seemed difficult to interpret except in the light 
of the fact that the phenomenon exists even though the direction of the 
applied current through E# and Ec may be reversed rapidly. In the sixth 
type of experiment E. and Eg were left exposed to alternating currents 
of frequency varying from 20 to 12,000 cycles per second (General Radio 
beat frequency oscillator). Again there was a current flowing after the 
applied current was stopped, which varied in sign and magnitude. The 
maximum effect using the alternating current appeared to have a peak 
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value at about 200 cycles per second, but definitely existed at as high a 
frequency as 12,000 cycles. The effect was 1 X 10“”* milliamperes and 
greater between the electrodes of a conductivity cell (Washburn, Type A, 
electrodes platinized) in dilute solutions, using a 500-cycle applied current. 

In experiments of type seven, either A or C was a circular electrode, and 
the other electrode was placed at its center. If E* and Ec were somewhere 
in between these electrodes a small effect was obtained. If Ea and Ec 
were outside a large effect was obtained, a current of 1 milliampere or 
more, the direction of which can be reversed by rotating the circular 
electrode through 180°. These results, with Ea and Ec outside, were not 
obtained if the circular electrode was a metal cylinder that contained no 
electrolytic connection between the solution inside and the solution outside 
of it. One small electrolytic connection, 1 mm. in diameter or less, was 
sufficient. 

The results of these last experiments are supplementary evidence that 
an electrode is polarized by a current passing across the interface but a 
small fraction of a second. Alternating the current does not periodically 
restore the original situation, but increases the sharpness of the differential 
polarization. Unfortunately, the authors are not able to reproduce their 
data quantitatively on account of the difficulty of controlling all the 
variables. Therefore they do not feel that the actual figures need be 
published. However, they can point out a number of the variables and 
their influence on the current. 

The apparatus and procedure being the same (the current electrodes 
not interfering), the magnitude of the effect, as indicated by the current 
in the measuring instruments, increases with the following: an increase 
in the current through the cell, an increase of the resistance of the electro- 
lyte, an increase in the ratio of the resistances of the possible current paths, 
an increase in the viscosity and decrease of the dielectric constant of the 
solvent, an increase in size, especially the length, of the electrodes Ea and 
Ec that are responsible for the effect; it also increases the greater the 
difference in potential between any two points on the polarized electrodes. 
The effect decreases with an increase in the resistance of the measuring 
instrument, an increase in the temperature, and withdrawal of the exploring 
electrodes into side tubes out of the current path, as is possible in the 
apparatus of figure 1. When the current electrodes are capable of giving 
their effect also, the effect is quite dependent on the size and shape of 
these electrodes, but it is independent of the rate of stirring of the electro- 
lyte up to the limit of stirring with a rod. Care is used to make sure that 
E» and Ec, if straight wires, are always parallel to each other and perpendic- 
ular to the central lines of force between A and C, otherwise a double 
effect with opposite signs may be observed. Two positive and two nega- 
tive currents have been observed with one period of polarization. The 
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depth of the solution in the cell of figure 2 permits currents to flow that 
are not detectable in the cell shown in ^ure 1. We are only able to 
measure the resultant current in each case, and not even it at its maximum 
value, since the effect decasrs very rapidly at first. 

DISCUSSION OF RESULTS 

In order to explain all of the phenomena they must be treated as being 
made up of two effects: firstly, an effect due to the polarization at the ends 
of the exploring electrodes, E. and Eo; secondly, an effect due to the 
differential polarization of each of the current electrodes at different 
points on their surface. The current measured in the first case is illus- 
trated in figure 3 as the resultant of four currents, 1, 1', 2, and 3 caused by 
the polarization of Ea and E,. If no metallic connection is made between 
Ea and Eo, then currents 1, 1', and a modified form of 2 will discharge the 



polarization. Current 2, in this case, would flow in both directions 
through the solution from Eo to E.. If the galvanometer connects the two 
electrodes we have currents 2 and 3. Current 2 will not be equal to 3 
unless the resistances in the two circuits are the same, and they obviously 
are not. This action of the currents sets up a resultant current in the 
galvanometer in the direction indicated by I. Experiments of the first 
and second type without exception bear out this mechanism. 

When the exploring electrodes are protected while the current passes, 
and only the effects of the current electrodes are obtained, the path of the 
effective current is shown for each of the typical cases in figures 4 and 5. 
In the case of the horizontal electrodes the point of maximum polarization 
is at the end of the current electrodes. On discharge, the current follows 
the path indicated in figure 5. In the case of the vertical electrodes the 
point of maximum polarization is at the bottom of the electrodes (1). 
On discharge the ciurent follows the path indicated in figure 4. The 
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experiments of the third and fourth type without exception substantiate 
the above mechanism. 

These experiments are of value in that they demonstrate some very 
simple principles in systems where there has been a tendency to overlook 
their significance. They demonstrate (1) that a resultant current is 
produced in a solution between two shorted batteries dipping into the 
same solution, if the electrical lines of force are not symmetrical and if 
metallic connection is made between the shorted batteries; (2) that a 
polarized electrode must be treated as a number of spot electrodes of 
widely varying polarization potentials, i.e., it is at least one shorted 
battery; (3) that the use of alternating current for polarizing the electrodes 



Fig. 4. Discharge circuit 



Fig. 6. Discharge circuit 


does not change the situation, probably because the current in the two 
directions crosses the electrode interface at different points; and (4) that the 
polarization potential of an electrode measured in any of the usual ways 
gives some sort of a weighted average of all of the polarization potentials. 

SUMMARY 

Currents in an electrolytic solution that arc produced by the presence 
of polarized electrodes have been discussed. The importance of consider- 
ing them when dealing with electrolytic phenomena has been pointed 
out. 
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THE OXIDATION POTENTIAL OF THE SYSTEM POTASSIUM 
MOLYBDOCYANIDE-POTASSIUM MOLYBDICYANIDE, AND 
THE EFFECT OF NEUTRAL SALTS ON THE POTENTIAL 
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Collenberg (1) determined the oxidation-reduction potentials of molyb- 
docyanide and molybdicyanide solutions. His measurements, however, were 
made in the presence of potassium chloride, the concentration of which was not 
known. In the preparation of his solution of potassium molybdicyanide an 
excess of potassium chloride was used to decompose precipitated silver 
molybdicyanide in order to form the soluble potassium molybdicyanide and 
insoluble silver chloride. His data do not allow an extrapolation of the 
potential to an ionic strength of zero. For this reason we have determined 
the oxidation-reduction potentials at increasing dilutions in order to find 
the potential at an ionic strength of zero. In addition the effects of neu- 
tral salts on the potential were studied. 

MATERIALS USED 
Potassium molyhdocyanide 

This product was prepared according to the method of Olsson (5) and 
recrystallized three times from water by the addition of ethyl alcohol. The 
water content of the air-dried product was determined by heating in the 
electric oven at a temperature of 105®C. for five hours. The loss in weight 
from two samples gave 1.993 and 2.006 moles of water, respectively. Two 
other samples were titrated at the same acidity as in the potentiometric 
method described below, with a permanganate solution standardized 
against Kahlbaum’s sodium oxalate, and the results agreed with the for- 
mula K4 Mo(CN) 8-2H20 within 0.5 per cent. Erio-griin was used as an 
indicator in the permanganate titration, since the golden-yellow color of 
the potassium molybdicyanide formed masks the permanganate endpoint. 
The volume of permanganate used to obtain the endpoint with erio-grun 
was found to be identical with that found in the potentiometric method. 
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In figure 1 Uie change in potential is given in the potentiometric titration 
of a mixture of 100 ml. of 0.007 molar molybdocyanide and 2 ml. of con- 
cenia'ated sulfuric acid with 0.1 normal permanganate, the saturated 
calomel electrode being used as the reference electrode. 

Aqueous solutions of potassium molybdocyanide are relatively stable, 
as shown by the fact that the titer was constant for at least two days. In 
our work fresh solutions were prepared every second day. 



riL 0i0NKnN04 

Fio. 1. Titration curve for KiMofCN)! 

Potassium molyhdicyanide 

Solutions of potassium molybdocyanide, acidified with sulfuric acid, 
were oxidized with potassium permanganate until a pink color persisted. 
An excess of silver nitrate was then added to precipitate silver molybdi- 
cyanide. The precipitate was filtered off on a Buchner funnel nnfj washed 
until no test for the silver ion was obtained in the washings. The moist 
silver molybdicyanide was suspended in water and shaken with somewhat 
less than the equivalent quantity of potassium chloride, leaving aome silver 
molybdicyanide undecomposed. The filtered solution was used as a stock 
solution, its concentration being determined by electrometric titration 
with a standard solution of potassium ferrocyanide. 
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Fieser (2) used the same procedure for the determination, but does not 
state the conditions for tlie titration. We found good results in neutral or 
weakly alkaline medium, but no distinct jump was observed in acid 
medium. This is easily explained by the fact that the oxidation potential 
of the ferrocyanide-ferricyanide system increases much more with in- 
creasing hydrogen-ion concentration than that of the molybdocyanide- 
molybdicyanide system. Figure 2 shows the change of potential in the 



2 4 6 8 10 tZ H 16 18 20 

ML 0.10N K4F««:r<t 

Fig. 2. Titration curve for KiMo(CN)g. a » neutral medium; b =« acid medium 

TABLE 1 


Decrease in strength of potassium molyhdicyanide in per cent after six days 


ACID SOLUTIONS 

NEUTRAL SOLUTIONS 

BASIC SOLUTIONS 

Diffuse light 

Dark 

Diffuse light 

Dark 

Diffuse light 

Dark 

19.3 

1 3 

23 4 

2 2 

29 3 

3.3 


titration of 100 ml. of 0.016 molar molybdicyanide with potassium ferro- 
cyanide in the presence of 1 ml. of concentrated sulfuric acid and in neutral 
medium. 

Solutions of potassium molybdicyanide were found to be extremely 
sensitive to light. A 0.016 molar solution analyzed in the dark and then 
placed in the window in direct sunlight was found to change in titer by 22 
per cent in two hours. Solutions kept in the dark changed approximately 
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1 per cent in six das^s. Hydrogen ions have a stabilizing influence on 
solutions of potassium molybdicyanide. The effects of acetic acid and 
sodium carbonate on the decomposition of potassium molybdicyanide are 
shown in table 1. The l^ht to which the solutions were exposed was 
diffuse sunlight in a north room of the laboratory. 

TABLE 2 


Oxidation-reduction potentials of potassium molybdocyanide-potassium molybdi- 
cyanide solutions at iS^C, 




RATIO 

IfOLYBOI 

MOLYBOO 

TOTAL /I 

v7 

E 

"q.h. 



AT 

M 







0.03012 

0.02888 

1.0430 

0 4695 

0 6852 

0.2155 

0.7919 

0.7908 

0 003012 

0.002888 

1.0430 

0.04695 

0.2167 

0.1800 

0.7564 

0.7553 

0.001205 

0.001155 

1.0430 

0.01878 

0 1371 

0.1697 

0.7461 

0.7450 

0.000602 

0.000577 

1.0430 

0.00938 

0.0968 

0.1638 

0.7402 

0.7391 

0.02696 

0.02872 

0.9390 

0.44896 

0.6701 

0 2131 

0.7895 

0.7911 

0.00539 

O.OOS74 

0 9390 

0.08974 

0 2996 

0 1870 

0.7634 

0.7650 

0.002696 

0.002872 

0.9390 

0.04489 

0.2119 

0.1776 

0.7540 

0.7556 

0.001080 

0.001150 

0.9390 

0.01798 

0 1341 

0 1675 

0.7439 

0 7455 

0.00054 

0.000574 

0.9390 

0.00898 

0.0950 

0 1615 


0.7395 

0,000270 

0.000287 

0 9390 

0.00449 

0 0670 

0.1577 


0.7357 

0.000108 

0.000115 

0.9390 

0.00180 

0.0424 

0 1553 


0 7333 

0.02112 

0.03044 

0 6940 

0.43212 

0.6574 

0.2045 

0.7809 


0.00422 

0.006088 

0.6940 

0.08622 

0.2936 

0 1786 


0.7644 

0.00211 

1 0.003044 

0.6940 

0.04311 

0.2076 

0.1688 

mE^ 

0.7546 

0 00084 

0.001218 

0.6940 

0.01725 

0.1313 

0.1585 

0 7349 

0.7443 

0.000422 

0.000609 

0.6940 

0.00862 

0 09285 

0.1526 

0.7290 

0.7384 

0.000211 

0.000304 

0 6940 

0 00431 

0.06566 

0.1485 

0 7249 

0.7343 


60 refers to the potential of an equimolecular solution of molybdocyanide and 
molybdicyanide calculated from the figures in columns 3 and 7. 

Eqjh, is the E.M.F. as measured against the quinhydronc electrode in a solution 
being 0.01 N in hydrochloric acid and 0.09 N in potassium chloride. 

is the E.M.F. referred to the normal hydrogen electrode as calculated from 
Eqm. (see ref. 4). 


EXPERIMENTAL PROCEDURE 

To a solution of potassium molybdicyanide, prepared as described above, 
was added a weighed quantity of potassium molybdocyanide. The solu- 
tion was then analyzed for molybdocyanide and molybdicyanide by titra- 
tion with potassium permanganate and potassium ferrocyanide, respec- 
tively, and used as a stock solution for the dilution measurements. All 
flasks and apparatus used to contain the solutions were coated with black 
lacquer and kept in the dark. The measurements were made in a dark- 
ened room. For details regarding the experimental technique reference is 
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made to a previous paper (3). Table 2 gives the results of measurements 
of various dilutions of three stock solutions containing different ratios of 
molybdocyanide and molybdicyanide. By “Total m” is meant the sum of 
the ionic strengths of molybdocyanide and molybdicyanide. 

The values of €„ found in table 2 were plotted against on large cross 
section paper and extrapolated to determine the value of the normal poten- 
tial at zero ionic strength. The extrapolated value was found to be 0.7260 
volt, referred to the normal hydrogen electrode. The curve is shown in 



0 ai az a; as ae o? as 

Fia. 3. Change of normal potential with increasing ionic strength a *= experi 
mental data (table 2); b ** calculated values 

figure 3. The straight line in the figure represents the values of cq calcu- 
lated on the basis of the limiting Debye-Hiickel equation: 

4e«lc«Uted = *0 + 0.0591 log <:MoCn.— /» 25»C.) 

CMoCna fi 

where eo = 0.7260 volt, and /s and /§ are the activity coefficients of the 
molybdicyanide and molybdocyanide, respectively. 

Since cq refers to the value for equimolecular concentrations of molyb- 
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docyaoide and molybdicyanide, then the calculated value of co is 


in which, 
3.5 VT** 


«o «o + 0.0591 log ~ 

J* 

according to the limiting Debye-Hhckel expression, log 


/» _ 


TABLE 3 


r /• • 

Log - tn 
U 


dilute aolutione of molybdo-molybdicyanidea in the presence of various 
electrolytes 



vjr 

liOa^ 

M 


V7 

LOG^ 

/* 

KCl 

HCl 

0 01 




0.1380 

0.3796 

0.025 

0.1833 

0.5695 

0.0522 

0.2466 

mmM 

0.05 



0 10 

0.3296 



0.3295 

0 9118 



■■■ 

0.25 

0.5080 

1.1950 




0.6 

0.7132 

1.4373 




NaCl 

NH 4 CI 

0.01 


0,3756 


0 1343 

■B 

0.025 

WSmm 

0 5166 


0.1850 


0.10 

Wmm 

0 8288 


0 3390 


0.5 

■b 

1 3254 

0.5374 

0.7448 

■B 

LiCl 

CaCl 2 

0.01 

■B 

0.3813 

■B 

■B 

0.6100 

0 025 

BuH 

0 5085 

BIH 

Wmm 

0.8050 

0.1 


0.8085 

BuH 


. 1.1322 

0.25 

■b 

1 0593 

■B 


1.5340 

SrClg 

BaCl* 

0.01 

■B 

0.6186 

■B 

0.1317 


0.025 

Wmm 

0 8390 


0.1797 




1.1814 

BDH 

0.3276 


Hi 

Hlifl 

1.6814 

H 

0.7123 

1.7086 


The effects of various salts and of hydrochloric acid on the potential of 
dilute solutions of molybdocyanide-molybdicyanide are shown in table 3. 
Instead of reporting the measured values of the the figures are given 
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for log*- calculated from the equation: 

U 


B « €o + 0.059 log 

^MoCns 


/* 

/4 


where E is the measured potential referred to the normal hydrogen elec- 
trode and €0 is the potential at infinite dilution (0.7260 volt). For the 
sake of brevity the composition of the very dilute molybdocyanide- 
molybdicyanide solution is omitted. Since these solutions were not 
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Fig. 4. Ratio of activity coefficients as a function of ionic strengths, a «?HC1; 
b « LiCl; c « NaCl; d « KCl and NH4CI; e = CaCl*; f = SrCb; g == BaCl,; 
h calculated values. 



stable, fresh solutions had to be prepared for each set of measurements. 
\//ii represents the square root of the total ionic strength of the mixtures, 
whereas designates the ionic strength of the added salts. 


The values of log ~ are found plotted against \//i in figure 4. The 

/3 

straight line in figure 4 represents the theoretical values of l^Sj calculated 


on the basis of the limiting Debye-Hiickel equation. 

The effect of various anions on the potential of a dilute solution of 
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molybdocyanide-molybdicyanide was investi^ted, using potassium chlo- 
ride, potassium bromide, and potassium nitrate at a concentration of 0.25 
molar, respectively, in the mixtures. The values of *0 in the presence of 
the three salts were calculated from the measured e.m.f. as described above, 
and gave 0.7965, 0.7957, and 0.7950 volts, respectively. These results 
are in accordance with the results obtained in solutions of ferrocyanide- 
ferricyanide, the various univalent anions having virtually the same effect 
on the potential. 

An attempt was made to determine the effect of sodium hydroxide on 
the potential of dilute solutions of molybdocyanide-molybdicyanide. 
Two solutions were measured, one containing 0.01 molar and the other 
0.1 molar sodium hydroxide. The solutions were exceedingly unstable 
and no constant readings could be obtained. The potentials decreased 
very rapidly, but initial readings agreed with the values for eo obtained with 
hydrochloric acid. 


DISCUSSION OF THE RESULTS 

The oxidation-reduction potential of the molybdocyanide-molybdi- 
cyanide system, starting at an ionic strength of zero, changes with in- 
creasing ionic strength markedly different from that of the ferrocyanide- 
ferricyanide system (3). In the latter case it was found that up to an ionic 
strength of 0.04, the normal potential was greater than that calculated on 
the basis of the limiting Debye-Hiickel expression. With molybdocyanide- 
molybdicyanide, however, the experimental values were lower than the 
calculated ones at all ionic strengths. This behavior is normal in dealing 
with a system, the potential-determining ions of which are of such a high 
valence type. On the other hand, it should be stated that even at the 
greatest dilutions the slope of the experimental curve is decidedly less than 
that of the line calculated on the basis of the limiting Debye-Hhckel 
expression. For this reason no attempt has been made to calculate average 
ionic sizes using the more extensive Oebye-Htickel equation. 

As was to be expected, neutral salts were found to increase the oxidation- 
reduction potential of dilute molybdocyanide-molybdicyanide solutions 
to a very large extent. With the univalent cations the effect decreases 
in the order K+ = NH 4 ''' > Na+ > Li+ > H+. In all these cases the 

values of log ^ calculated from the experimental data were less than those 
U 

derived from the simple Debye-Hiickel expression. In the case of ferro- 
cyanide-^erricyanide, however, the experimental figures at lower ionic 
strengths were less than the ones calculated from the Debye-Hiickel 
equation. 

The divalent cation salts, at the same ionic strengths, have a much 
greater effect, the latter decreasing with decreasing ionic size: Ba'*"*' > 
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Sr'+‘+ > Ca‘^+. At lower ionic strengths the experimental figures for log 

j were found to be greater than those calculated on the basis of the simple 

Debye-HUckel expression. Hydrogen ions have an effect similar to that 
of other univalent cations, the former being comparable to the lithium ion. 
From this behavior one may infer that both molybdocyanic and molybdi- 
cyanic acids behave as strong electrolytes. In this respect molybdocyanic 
acid is entirely different from ferrocyanic acid, since it has been found that 
the fourth ionization constant of the latter is equal to 5.6 X lO”*® (4). 
This explains why the oxidation-reduction potential of the ferrocyanide- 
ferricyanide S3^tem increases much more with increasing hydrogen-ion 
concentration than that of the molybdocyanide-molybdicyanide system. 

SUMMARY 

1. The norlnal potential of the molybdocyanide-molybdicyanide system 
was extrapolated to an ionic strength of zero and found to be 0.7260 volt 
at 25®C. 

2. The effect of various salts upon the oxidation-reduction potential at 
various ionic strengths has been determined. The univalent anions in- 
vestigated have the same effect at corresponding ionic strengths. 

3. At the same ionic strengths divalent cations exert a greater effect than 
univalent cations, the effect decreasing with decreasing size of the ion. 

4. From the effect of hydrogen ions upon the potential, it is concluded 
that molybdocyanic acid is a strong electrolyte. 
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In the flotation concentration of ores, water-soluble substances such as 
xanthates, generally termed collecting agents, are used to prepare the 
surface of the minerals to be floated so that attachment will take place 
between air bubbles and the mineral particles. Very small quantities of 
xanthates (of the order of 0.05 lb. per ton of ore) are found entirely ade- 
quate to impart to the mineral particles a surface at which air will displace 
water to such an extent that eflftcient flotation is possible. At the present 
time the nature of the mechanism of this action is for the most part an 
unsettled matter. 

In previous work with potassium n-amyl xanthate and chalcocite, 
Dewey (1, 3) found that cuprous xanthate and several other organic 
copper compounds could be leached from the surface of chalcocite which 
had been treated with potassium n-amyl xanthate under various condi- 
tions. He explained the formation of the organic copper compounds other 
than cuprous xanthate by ‘^decomposition^^ and “association^^ hypotheses. 
In long-time grinding tests of potassium n-amyl xanthate and chalcocite 
nothing could be leached from the mineral. No effort was made to find 
the cause of this phenomenon and its relation to other results. Dewey 
also made experiments which indicated that oxygen is necessary for the 
reaction between xanthate and chalcocite, and unnecessary if dixanthogen 
is substituted for the potassium xanthate. In Dewey's work as a whole, 
the experimental variables, time of grind, time of xanthate treatment, and 
amount of xanthate, had values far above those encountered in flotation 
practice. Also the desirability of working out and applying a quantitative 
technique to the determination of the reaction products of amyl xanthate 
and chalcocite was strongly indicated. * 

In the present investigation the primary aim has been to establish a 
sound experimental basis for the explanation of the mechanism of the 
collecting action of xanthates on chalcocite. For the xanthate treatment 
of chalcocite an experimental technique has been used which allows 
reasonably close laboratory reproduction of actual flotation operation 
procedure and conditions, and at the same time makes possible an accurate 
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accounting of all the reaction products. The influence of several experi- 
mental variables on the reaction product relationships was found, and the 
results were correlated with the flotative properties of the mineral. A 
group of tests was conducted to ascertain whether cuprous xanthate is 
adsorbed from benzene solution by chalcocite. For comparative purposes 
a few of the experiments were repeated using the oxidized miners malachite 
instead of chalcocite. 


EXPEBIMENTAL 

Materials 

Chalcocite (CujS) was obtained from a coarse, relatively pure Kennecott 
jig concentrate by consecutive hand picking, crushing, table concentration, 
sizing (—28 -|-65 mesh), then finally chemical cleaning with 1:1 hydro- 
chloric acid, then concentrated aqua ammonia. This “cleaned chalcocite” 
was foimd to be quite pure, containing minute quantities of bornite 
(CXuFeSj), chalcop 3 uite (CuFeSj), and somewhat more covellite (CuS). A 
small batch of “cleaned chalcocite” was melted in a crucible, crushed, and 
sized (—28 -t-65mesh) to give a product suitable for use. This artificial 
chalcocite has been termed “furnace chalcocite.” 

Potassium n-amyl xanthate was prepared from n-amyl alcohol (Sharpies 
Solvents Corporation), carbon disulfide, and potassium hydroxide. The 
crude preparation was purified by recrystallization from an acetone-ether 
mixture, followed by a thorough washing with ether. Prepared in this 
way the xanthate is very slightly yellowish in color, practically odorless, 
and very voluminous. lodometric titration of an aqueous solution showed 
the purity to be 99.5 per cent. 

Cuprous 7i-amyl xanthate was prepared from potassium xanthate and 
cupric chloride in water or alcoholic solution according to the following 
reaction: 

4KX -I- 2CuCl2 CusXj + 4KC1 + X* 

(In this and other equations in this paper, X is used to denote the amyl 
xanthate radical, — SC(S)C)C 5 Hu.) It was found that the pure substance 
could be prepared by washing the yellow precipitate very carefully with 
alcohol and ether to remove the dixanthogen (Xg, also known as amyl 
thioformate disulfide) also formed by the reaction. The cuprous 7i-amyl 
xanthate prepared in this way appeared non-crystalline, even under the 
microscope, but it was found that very small yellow prismatic crystals 
could be crystallized from pyridine. 

General experimental procedure 

The procedure used may be summarized as follows: (1) A 200-g. charge 
of chalcocite was ground in a 500-g. capacity Abb4 porcelain pebble mill 
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(4000 g. of pebbles) with 200 cc. of distilled water. (The empty space in 
mill was about 3 1., containing about 85 milliequivalents of oxygen at 615 
mm. and 20®C.) (2) The pulp from (f), after dilution to 400-450 cc., 

was agitated with an accurately weighed amount of potassium n-amyl 
xanthate in a closed 2.5-1. reagent bottle. (5) The treated pulp was 
filtered and the mineral washed with water on a Buchner funnel, diluting 
the filtrate to 600 cc. for analysis. (4) The mineral was leached with 
acetone, ether, and warm benzene, in the order named. (5) The aqueous 
filtrate and the leach products were analyzed. 

Analytical methods 

The aqueous filtrate from the treatment of the chalcocite with xanthate 
was analyzed iodometrically for reducing ions and excess xanthate by the 
procedure of Taylor and Knoll (11). In some of the experiments titra- 
tions with 0.02 N hydrochloric acid were made to determine the total 
hydroxide plus carbonate. The total potassium in solution in several 
experiments was determined as potassium sulfate (12). Sulfate was 
determined by precipitation as barium sulfate (9). 

As cuprous xanthate was found (as described later) to be the major 
leach product, an iodometric method was developed for its determination 
in benzene solution, utilizing the following reaction: 

CU2X2 -j- I2 CU2I2 " 4 ” ^2 

It was found that an accurate determination can be made on a 25-cc. 
aliquot portion of a benzene leach solution containing cuprous xanthate by 
titration with a 0.005 N solution of iodine in benzene, using a special 
technique. As the reaction is too slow to be practicable at ordinary 
temperatures, the titrations must be made near the boiling point of ben- 
zene, allowing 1-2 minute intervals with occasional shaking between 
5-, 2-, or 1-cc. additions of iodine solution, the amount of iodine added 
depending upon the proximity to the end point as judged by experience. 
Titrating in this manner, the pink color of excess iodine becomes very 
noticeable with an excess of 0.5~1.0 cc. of 0.005 N iodine. This small 
excess may be quite accurately measured by color matching of the solution 
after removal of the cuprous iodide by filtration. Apparently the above 
reaction takes place in more than one step, as a dark brown solution is 
formed on first addition of the iodine, and no precipitate of cuprous iodide 
is formed until later stages in the titration. 

REACTION PRODUCTS FOUND WITH THE CHALCOCITE 

Leachable products 

Dewey (1, 3), in his previous work on the reactions of potassium xan- 
thate and chalcocite, was able to leach from the treated mineral a series of 
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8ix substances having different solubility properties. In the present work, 
with experimental conditions maintained as closely as possible within the 
limits of practical flotation operation, only two substances were leached 
from chalcocite treated with xanthate, as described in the following: (1) 
cuprous n-amyl xanthate, a yellow substance insoluble in ether, slightly 
soluble in acetone, and fairly soluble in benzene, forming a yellow solution; 
and (j 8) a red substance, soluble in acetone, ether, and benzene, forming 
orange to red solutions depending on the concentration. This substance 
was designated as '^ether-soluble^’ to distinguish it from cuprous xanthate. 
Attempts were made to synthesize the "ether-soluble” compound in several 
ways from xanthate and monothiocarbonate, but no substance with the 
same solubility properties was obtained. 

In all experiments it was found that the major portion of the leach 
products consisted of cuprous xanthate. From 100 to 1500 cc. of benzene 
were required for removal of the cuprous xanthate from the mineral, 
depending upon the amoimt present. As cuprous xanthate, even in an 
extremely weak solution, imparts a yellow color to benzene, the leaching 
was continued until the extract was colorless. The end point was quite 
definite, and little washing was required to finish the operation after the 
bulk of the cuprous xanthate had been removed. 

The acetone leach, containing a little cuprous xanthate and perhaps a 
large part of the "ether-soluble,” was evaporated (using a fan), and the 
"ether-soluble” and the cuprous xanthate in the residue separated by 
means of ether. The "ether-soluble” was combined with the main ether 
leach solution, evaporated, and the residue taken up with benzene for 
iodometric titration by the method used for the cuprous xanthate. The 
cuprous xanthate separated from the acetone extract was combined with 
the bulk of the cuprous xanthate for determination of the total cuprous 
xanthate. 

Film at mineral surface unleachable by acetone^ ether , and benzene 

Using the leaching agents, acetone, ether, and benzene, a considerable 
portion of the xanthate abstracted by the chalcocite from an aqueous 
potassium amyl xanthate solution remained with the mineral in an un- 
leachable state. This unleachable film decomposed, producing a pleasant 
ester-like odor, when the treated mineral was allowed to stand for a few 
days in a loosely stoppered bottle. On agitation with water of the treated 
chalcocite which had developed the characteristic odor, an appreciable 
frothing was noted, indicating the presence of a soluble surface-active 
organic compound. 

It was found that by heating the xanthate-treated and leached chalco- 
cite to about 220^0. in a distillation apparatus suitable for the distillation 
of very small quantities, a colorless, pleasant-smelling liquid could be 
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distilled off. Potassium amyl xanthate and other xanthate derivatives 
gave the same distillation product when heated in the presence of finely 
ground, untreated chalcocite, which presumably contained a little moisture 
not removed by the drying after grinding. The distillate was not a sulfur 
compound. The refractive index and boiling point checked those of amyl 
alcohol quite closely. 

Attempts were made to remove the unleachable film with most of the 
common laboratory reactants and solvents, and a few rather uncommon 
ones. Except for pyridine, all the agents tried met with no success. ,The 
pyridine extract of xanthate-treated and leached (acetone, ether, and 
benzene) chalcocite was yellow. Evaporation of the yellow pyridine 
solution showed the substance; removed to be cuprous xanthate. Thus, 
the unleachable film appears to be cuprous xanthate so intimately asso- 
ciated with the chalcocite that a chemically active agent is necessary to 
break it away. 

THE EFFECT OF QUANTITY OF XANTHATE 

The effect of quantity of xanthate on products of treatment 

A series of experiments was made using the experimental procedure 
previously described to find the effect of quantity of xanthate added on 
the products of the action of potassium n-amyl xanthate on chalcocite. 
The grinding time and xanthate treatment time in this series were kept 
constant at one hour and at fifteen minutes, respectively. Results are 
given in table 1 , and graphically represented in figures 1 and 2. 

In this group of experiments the ‘^ether-soluble’^ leach product was 
quite small in quantity in comparison with the cuprous xanthate, having 
from 1 to 4 per cent of the iodine equivalent of the cuprous xanthate 
leached. Enough of the red “ether-soluble” substance for an analysis was 
not obtained. Since the amount was so small, it was included with the 
cuprous xanthate in the table of results. As a matter of fact, in most of 
the tests only th(* total amount was determined by titration of the com- 
bined leach products, as the very small quantity of “ether-soluble” mate- 
rial was not observed and differentiated from cuprous xanthate until some 
of the tests with larger quantities of xanthate had been conducted. 

Two experiments were made using “furnace chalcocite” in place of the 
“cleaned chalcocite.” Under like conditions the proportion of products 
was roughly the same as for the unmelted mineral. The little difference 
was probably due to the difference in grinding properties between the 
natural and artificial copper sulfides. Those two experiments showed 
that porosity or some other property peculiar to the chemically cleaned 
mineral was not an important determinative factor in the results. 

In this series of tests it is seen that the xanthate added may be accounted 
for as excess xanthate in solution, leachable compounds (practically all 
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TABLE 1 

The effect of quantity of xanthate added on the reaction products 
200 g. of cleaned chalcocite, 1 -hour, grind in 500-g. pebble mill with 4000 g. of 
pebbles, conditioned 15 minutes on mechanical rolls in 2.5-1. bottle with 0.5 1. of 
water and potassium n-amyl xanthate as indicated. Amounts expressed as milli- 
equivalents per 200 g. of chalcocite. The symbol X is used for the xanthate radical. 


KX 

ADDED 

Cu«Xa 

BX- 

TBACTED 

EXCESS 

X IN 

SOLUTION 

TOTAL X' 
ABSTRACTED 

UNLEACH- 
ABLE X ON 
CHALCO- 
CITB* 

TOTAL OH', 
cor-iN 

SOLUTION 

80 r ~ IN 
SOLUTION 

TOTAL 
ANIONS IN 
SOLUTION 

K*in 

SOLUTION 

0.25 

0.007 


0.25 

0 24 





0.50 

0.058 


0.50 

0.44 





1.10 

0.46 

0.01 

1 09 

0.63 





11.61 

0.81 

0.01 

1.60 

0.79 





2.67 

1.80 

0.02 

2.65 

0.85 





2.66 

1.65 

0.02 

2.64 

1.00 

2.12 

0.20 

2.34 


4.21 

2.86 

0.02 

4.19 

1.33 





4.21 

2.80 

0.02 

4.19 

1.39 





6.31 

4 64 

0 09 

6.22 

1.58 

5 50 



6.31 

8.55 

6.00 

0.95 

7.60 

1.60 

6 35 



8 34 

10.64 

6.52 

2.42 

8.22 

1.70 

7.13 



10.50 

12 90 

7 02 

4 19 

8.71 

1 69 

8 00 

0 30 

12 . 57 t 

12.73 


* Obtained by difference. 

t Including reducing ions, (SnOn) • In most of the tests the reducing ions were 
negligible, increasing with xanthate added to a maximum of 0.08 milliequivalent 
for 12.90 milliequivalents of xanthate added. 



Fici. 1. The effect of quantity of xanthate added on the reaction products 











ACTION OF POTASSIUM n-AMYL XANTHATE ON CHALCOCITE 263 


cuprous xanthate), and unleachable xanthate, the proportions of these 
three being dependent on the quantity of xanthate added. The unleach- 
able portion tends to approach a maximum with increasing amount of 
xanthate added. 

All the potassium of the collector remains in solution, and hydroxide, 
carbonate, and sulfate are thrown into solution to make a total equivalent 
to the xanthate taken out of solution, within the limits of experimental 
error. Under the conditions of these tests, reducing ions (SmOn)“ “ 
thrown into solution were practically negligible, in no experiment amount- 
ing to over 0.08 milliequivalent per 200 g. of chalcocite. 
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Fig. 2. The effect of quantity of xanthate added on the unleachable xanthate 

on the chalcocite 

Flotation tests were made on leached and unleached treated chalcocite. 
These tests were made in a 50-g. celluloid cell with no further addition of 
reagent, either frother or collector. They showed that the removal of 
Icachable products had no appreciable effe(^t on the floatability of the 
xanthate-treated mineral; 95 to 100 per cent recovery could be obtained in 
all the tests but that involving the smallest amount of xanthate. In the 
tests involving larger amounts of xanthate the froth was very dry and the 
chalcocite seemed to float very peculiarly, more as a ‘'dust^^ than as a 
mineralized froth. In the tests in which the maximum unleachable 
quantity was closely approached, the mineral floated immediately upon 
addition to the machine as an apparently dry mass which could be literally 
blown out of the machine. Gaudin and Malozemoff (4) observed this 
phenomenon of an extremely dry froth with both galena and chalcocite 
under certain conditions. This condition might correspond to an air- 
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solution-mineral contact angle in the neighborhood of 90°, the result per* 
haps of a complete filming on the mineral particles by the unleachable 
xanthate. 


The effect of quantity of xanthate on fUOation recovery 

Flotation tests on 40*g. samples of ground chalcocite were made in a 
60-g. capacity celluloid “University of Utah” cell with the addition of 
terpineol, 0.05 lb. per ton, and varying amoimts of potassium n^amyl 
xanthate. The chalcocite was ground in 200-g. batches according to the 

TABLE 2 

Tht effect of quantity of xanthate added on the flotation recovery 
40-g. samples floated in 60-g. celluloid cell with terpineol, 0.05 lb. per ton, for 
6-8 minutes after 2 minutes conditioning with amount of potassium n-amyl xanthate 
as indicated. 


LBB. OF XANTBATS PUB TON OF 

CHALOOOITB | 

MILUICQUXVALBKTB OF XANTBATX 
PXB 200 Q. OF CHALCOdTX 

BBOOTBBT 

PBR CXKT 

15-minute grind 

0.00 1 

0.00 

13 

0.026 

0.013 

31 

0.14 

0.07 

65 

0.28 

0.14 

83 

0.41 

0.20 

85 


1-hour grind 


0.00 

0.00 

7 

0,006 

0 0026 

10 

0 055 

0.027 

31 

0.11 

0.053 

41 

0.16 

0.08 

54 

0.21 

0.10 

66 

0.25 

0.12 

70 

0.39 

0 20 

75 

0.51 

0 26 

85 


procedure previously described, flotation data being obtained for two 
grinding times, fifteen minutes and one hour, respectively. Mohr pipettes 
were used to add a standard xanthate solution directly to the pulp in the 
cell. Two minutes after the xanthate collector addition the frother was 
added and the froth raked off for 6 to 8 minutes. Concentrates and tailings 
were weighed and the recoveries calculated. Besults are given in table 2 
and graphically represented in figure 3. 

From the data for the chalcocite ground for one hour it is seen that 
0.26 milliequivalent of potassium n-amyl xanthate per 200 g. of chalcocite 
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is suflSicient for substantial flotation. From table 1 it is seen that if this 
amount of xanthate is added to 200 g. of chalcocite ground for one hour, 
practically all of the xanthate abstracted by the mineral is unleachable. 
Also, under these conditions the amoirnt of unleachable product on the 
mineral is only about one-seventh of the maximum possible unleachable 
amount for the quantity of mineral and time of grind in question, as 
indicated by the curve of figure 2. If this unleachable entity corresponds 
to a monomolecular film (as will be shown hereafter), it can thus be said 
that only a fraction of a monomolecular film is necessary for flotation of a 
particle. CJornpaiison of the data for the two times of grind confirms this 
line of reasoning by showing that the quantity of xanthate required for a 
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Fig, 3. The effect of quantity of xanthate on the flotation recovery 


given flotation recovery is dependent upon the fineness of grinding, and 
therefore, on the area of mineral surface. 

The froth dryness-contact angle analogy previously suggested gives 
weight to the idea of only a partial monomolecular film with a surface of 
relatively low contact angle being necessary for high flotation recovery. 
To use another terminology, the mineral particles do not have to be 
treated to the maximum degree of non-wettability but only to a certain 
fraction of that degree, the value of that fraction being dependent upon 
particle size, shape, and specific gravity. Mathematical calculations of 
the theoretical order of magnitude of the contact angle necessary for 
flotation made by Gaudin (2) led to the conclusion that particles are float- 
able with contact angles under 10®; whereas Wark and Cox (13) experi- 
mentally found the maximum contact angle of minerals in contact with 
amyl xanthate solution to be of the order of 90®. 


THB JOUttNAL OP PRTSICAL CEBMI8TRY, VOL. 40, NO. 2 
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THE EFFECT OF TIME OF XANTHATE TREATMENT 

Several experiments were made varying the time of treatment with potas- 
sium n-amyl xanthate. The time of grind was one hour in all of this 
group of experiments. Results are given in table 3. 

In the experiments involving long-time agitation with xanthate, appre- 
ciable amounts of the “ether-soluble” substance in addition to the cuprous 
xanthate were obtained by leaching. This red substance was apparently 
the same as the “ether-soluble” leach product observed in previous work 
with fifteen minutes treatment; in long-time agitation tests this substance 
was present in somewhat greater quantities. It seems likely that the 

TABLE 3 

The effect of lime of xanthate treatment on the reaction products 

Tests using general experimental procedure, grinding for 1 hour. Amounts ex- 
pressed in milliequivalents per 200 g. of chalcocite. The symbol X is used for the 
xanthate radical. 


KX 

AODSD 

TIME OF 
TBEATMBNT 

CU»X2 

EXTRACTED 

EXCESS 
X“ IN 
SOLUTION 

TOTAL X~ 
ABSTRACTED 

I 2 EQUIV- 
ALENT OF 

“ether- 

soluble" 

UNLEACB- 
ABLE X ON 
CHALCOCITE* 

TOTAL OH~, 
CO* “IN 

SOLUTION 

2 62 

1 min. 

1.58 

0 02 

2.60 


1.02 

2.16 

2.66 

6 min. 

1 56 

0 02 

2.64 


1.06 

2.12 

2.66 

15 min. 

1.65 

0.02 

2.64 


1.00 

2.12 

2 68 

24 hrs. 

0 95 

0.02 

2.66 

0.28 

t 

1.63 

10.70 

1 min. 

5.13 

4.00 

1 6 70 


1.57 

5.88 

10.64 

15 min. 

6.52 

2.42 

1 8.22 


1.70 

7.13 

10.63 

20 hrs. 

7 75 

0.15 

10 48 

0.30 

' t 

9.23 


* Obtained by difference. 

t The formula of the “ether-soluble” product is unknown, hence there is no basis 
for a calculation of the unleachable quantity when an appreciable quantity of 
“ether-soluble” is found. 


“ether-soluble” material is a reaction product, possibly containing the 
monothiocarbonate radical, formed slowly in long-time treatment from 
cuprous xanthate, free hydroxide, and chalcocite, as suggested by Dewey 
in his “decomposition” and “association” hypotheses. Oxygen may also 
enter the reaction. 

Evidently the reactions to produce the unleachable film and the cuprous 
xanthate occur immediately on mixing the reagent with the pulp. How- 
ever, from the results with the larger quantity of xanthate it seems that 
the cuprous xanthate formation slows up as more cuprous xanthate coating 
is produced on the mineral, probably owing to difficulty of diffusion of free 
xanthate ions through the coating to react with the mineral. 
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RELATION OP EFFECTIVE MINERAL SURFACE AREA TO PRODUCTS 
Effect of time of grinding 

A series of experiments was made to determine the effect of time of 
grinding on the reaction-product relationships. The usual experimental 

TABLE 4 

The effect of time of grinding on the reaction products 


Tests using general experimental procedure, treating with 5.4 milliequivalents 
of potassium n-amyl xanthate for 15 minutes. Amounts expressed as milliequiva- 
lents per 200 g, of chalcocite. The symbol X is used for the xanthate radical. 


HOURS OF 
GRIND 

Cu,X, 

EXTRACTED 

Ij EQUIV- 
ALENT OF 
‘*ETHBR- 

boluble” 

EXCESS X" 

IN SOLUTION 

UNLEACH- 
ABLE X ON 
CHALCOCITE* 

MILLIEQUIV 
HCl TO YIELD 
A pH OF 7 

. , 1 

REDUCING 
IONS IN 
SOLUTION 

H 

3 80 

0 06 

1 04 

0 80 

2 96 i 

0 03 

1 

From curve of figure 2 

1 48 



2 

3 52 

0 11 

0 02 

1 81 

3 59 


4 

2 67 

0 18 

0 02 

2 63 

3 44 

0 11 

12 

1 09 

0 19 

0 04 

4.13 

2 97 

0 22 

48 

0 03t 

0 01 

4 46 

0 37 



* Obtained by difference. 

t The small quantity of ‘‘ether-soluble*^ in this run did not justify its separate 
determination, and it was added to the cuprous xanthate solution before titration. 



Fig. 4. The effect of time of grinding on the reaction products 

procedure was used, the quantity of xanthate being kept constant at 5.4 
milliequivalents and the xanthate treatment time being kept constant at 
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fifteen minutes. Experimental results are given in table 4 and plotted in 
figure 4. 

In the longer grinding tests a considerable vacuum was noted on opening 
the pebble mill, indicating reaction of oxygen with the mineral during 
grinding. Increasing difficulty in filtration of the treated pulp was en* 
countered with increasing fineness of grinding. Silicate in the ground 
pulp, worn off the pebldes, increased to about 10 to 15 per cent of the weight 
of tlie mineral for the longest grinding time. 

The data from these runs diow that tire unleaehaUe portk>n d^nitely 
increases with increase in surface of the mineral particles wilii longer 
grinding, and in long grinds approaches the total amount of xanthate 


TABLE 5 

Size analysis of deslimed ground chalcocite 


SIZB 

1 

AVBRAQBSXZi: 

THUOBJmCAL 

SPBCIFXC 

SUBPACBt 

WBicurr, 

PBB CSMT 

TRBOBBTXCAL 

BUBFACSt 


mtcrona 

cm.* per gram 


cm.* par gram 

-74 (+200 mesh) 

80 

140 

0 5 

0 7 

-74, +37 (-200, + 400 mesh) 

50 

220 

5 0 

11 

-37, + 15 

21 ♦ 

520 

25 4 

184 

-16, + 7.6 

10* 

1100 

57.9 

637 

-7.6 

2t 

5500 

1.2 

66 

Total 

100 0 

899 





* The accuracy of the average size figures from sedimentation analysis is prob- 
ably of the order of 10 per cent. The figures are calculated assuming Stokes' law 
for spheres falling in a liquid; the irregularity in shape of ground mineral particles 
limits the accuracy of the method. 

t This is an estimate, as no further separation was made of the —7.5 m portion. 
The figure is purposely low, to be on the safe side. The weight per cent of this 
portion is so small that the soundness of the estimate has no great effect on the ac- 
curacy of the total surface figure. 

I Assuming all particles to be cubes. 

added. The titration figures on the filtrate show that the hydroxide 
decreases, while the reducing ions (S«On)~ ~ increase with increase in 
surface. Although no determinations were made, it is expected that the 
sulfate in the filtrate also increases with increase in time of grinding. 

Estimation of thickness of urdeachable film 

As the phenomena associated with the formation and presence of the 
unleachable entity on the mineral surface seemed to be indicative of an 
irreversible adsorption, it seemed desirable to make a quantitative com- 
pariscm of the extent of mineral surface and the maximum amount of un- 
teackabte attainable with that surface. The mineral which had been 





ACTION OF POTASSIUM n-AMYL XANTHATE ON CHALCOCITE 269 


ground in the pebble mill contained too large a percentage of extremely fine 
material for accurate surface measurement; accordingly for this work the 
mineral, after grinding, was carefully ^‘deslimed’^ by water sedimentation 
in buckets, A sample of the deslimed mineral was then sized by combined 
screening and acetone sedimentation, and from the sizing analysis the 
surface was estimated. Results of this operation are given in table 5. In 
other work with the determination of surface area by sizing (5) it has been 
shown that a correction factor should be applied to the theoretical surface 
figure to correct for irregularity inshape of particles, cracks, etc. A factor 
of 1.5 was used, giving an actual surface figure of 1350 cm.^ per gram 
(1.5 X 899). The factor used is possibly accurate to within 10 per cent; 
and as the theoretical surface figure is estimated to be accurate to about 
10 per cent, the accuracy of the actual surface figure may be roughly 
15 per cent (VO.IO^ + O.IO^ = 0.141). 

Two samples of the sized chalcocite were agitated with a large excess of 
xanthate (2.5 and 1.5 milliequivalents per 150 g., respectively) and the 
products determined, using the general experimental procedure. The 
unleachable xanthate figures were 0.16 and 0.13 milliequivalents per 150 g., 
respectively. Using the average figure, 0.145 milliequivalent, 

0.145 X 10”“* X 6.06 X 10^® = 8.8 X 10^® molecules of xanthate per 150 g. 

of chalcocite 

1350 X 150 = 2.02 X 10® cm.^ of surface per 150 g. of 
chalcocite 


Assuming a monomolecular film, 


2.02 X 10® 
8.8 X 10« 


= 23 X lO*-*® cm.2 


23 A . U.^, the area occupied by one 
xanthate group 


Adam and Muller (10), by two independent methods, estimated the area 
of a hydrocarbon chain to be 20.5 A.U.^, which agrees well with the figure of 
23 A.U.^ found here for the area occupied by one xanthate radical. The 
difference between these figures is well within the limits of experimental 
error of the method used in this work for the estimation of the surface of 
the chalcocite. Also the polar group of the xanthate radical may have 
some effect on the area which it occupies. Thus the result of the calculation 
justifies the assumption of a monomolecular film, and it can be said that 
the maximum amount of unleachable xanthate attainable on a chalcocite 
surface is equivalent to a complete monomolecular film. 


ADSORPTION OF CUPROUS XANTHATE FROM BENZENE 

Tests were run to determine if cuprous xanthate is adsorbed from 
benzene solution by chalcocite. 200-g. samples of chalcocite were ground 
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in a pebble mill for one hour with 500 cc. of benzene solutions of cuprous 
xanthate of various concentrations. Results of four such tests are given 
in table 6. 

The chalcocite after these tests was found to be quite floatable in water. 
No cuprous xanthate could be removed from it by leaching with benzene. 
Pyridine, however, removed cuprous xanthate. Thus an “unleachable” 
fllm similar to that of the potassium xanthate treatment experiments, 
to which high mineral floatability is due, is also formed by the adsorp- 
tion of cuprous xanthate from benzene. Also, the maximum unleach- 
able figures for the two tyijes of experiments seem to check, although this 
benzene adsorption series is too incomplete for a definite assertion. More 
detailed work of this nature might lead to interesting and significant results. 


TABLE 6 

Adsorption of cuprous xanthate from benzene by chalcocite 


MILUBQUXVALENTS OF Cu^Xi 
ADDED 

. 

HILLXEQUIVALSNTB OF CUtXj 
LEFT IN SOLUTION 

MILLXKQUIVALSNTS OF CUtX, 
ADSORBED 

0.40 

0 00 

0.40 

0.S9 

0.23 

0.66 

1.34 

0.54 

0.80 

3.43 

1 73 

1 70 


COMPARATIVE TESTS WITH MALACHITE 

A few semiquantitative experiments of the same nature as some of the 
chalcocite experiments were repeated with malachite, (CuC 03 *Cu( 0 H) 2 ). 
Two tests were made on 200-g. samples, using the general experimental 
procedure for grinding, treatment, and determination of reaction products. 
It was found that malachite abstracts xanthate from aqueous potassium 
n-amyl xanthate solution, forming cuprous xanthate and dixanthogen. 
The malachite after the leaching procedure, contrary to experience with 
chalcocite, was entirely non-floatable. Thus, with malachite, an unleach- 
able water-repellent coating is not formed in an aqueous xanthate solution. 

Several tests with a benzene solution of cuprous xanthate showed that 
malachite does not appreciably adsorb the cuprous xanthate from benzene 
solution under the conditions under which chalcocite exhibits a marked 
adsorption. 

DISCUSSION 

On the basis of the results presented in this paper it seems that the 
collecting action of xanthate is essentially different for chalcocite and for 
malachite. Apparently, the flotation of the sulfide mineral is caused by 
the formation of an oriented monomolecular film tightly ^‘anchored'' to 
the mineral; whereas flotation of the oxidized mineral seems to be due to 
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the formation of a much thicker coating of base^metal xanthate (and 
dixanthogen), not ^‘anchored’' to the mineral, but merely adjacent to the 
mineral surface. This comparison offers a rational explanation for the 
fact that in actual flotation operation the quantity of xanthate required for 
flotation of malachite is many times that required for flotation of chalcocite. 

The “anchored^’ monomolccular film formed on chalcocite does not 
possess the same solubility properties as any known xanthate or xanthate 
derivatives. Although, as evidenced by its complete insolubility in 
benzene, the film does not consist of cuprous xanthate, cuprous xanthate 
may be removed from the surface by means of pyridine. On the whole, 
all the observed properties of this film seem to be analogous in many ways 
to the properties of films of adsorbed gases on solids, which were observed 
and clarified by Langmuir (6). Quoting from his discussion of the adsorp- 
tion of oxygen on tungsten: 'Tt is very evident from this work that the 
oxygen layer has totally different properties from those we should expect, 
either with a layer of oxide or a film of highly compressed gas. The facts 
are in good accord, however, with the theory that oxygen atoms are chemi- 
cally combined with the tungsten atoms. On the basis of these and other 
similar results Langmuir advanced the theory that in the adsorption of 
gases on solids, the adsorptive forces arc chemical forces of the primary 
valence type. Carrying this conception over to the present work, it 
appears that the ^^unleachable'* film consists of xanthate groups chemically 
attached to copper atoms of the chalcocite by primary valence bonds. 

The adsorbed film is formed on the chalcocite from potassium xanthate 
solution by reaction of the xanthate ions with the surface of the mineral. 
As suggested by Frumkin (8) for adsorption of electrolytes by charcoal, 
hydroxide ions are produced at the surface from adsorbed oxygen; these 
hydroxide ions are replaced by xanthate ions and enter the solution, as 
follows : 

CujS -f IO 2 CU 2 SO 
:CU2S{0 + H 2 O -f 2 X-~^|Cu 2S X -h 20H’- 

i : 'X 

Carbonate ions may be formed from hydroxide and the carbon dioxide 
present in the system. 

During grinding and other treatment, a certain amount of adsorbed or 
‘‘anchored'^ reducing ions and sulfate ions are produced at the mineral sur- 
face by oxidation reactions, as suggested by Taylor and Knoll (11) for 
galena. These ions are also replaced by xanthate and enter the solution, 
as follows: (A denotes adsorbed anion, sulfate ion, reducing ion, etc.) 

[CugS' A -f 2X- iCuaS X -f- 2A- 

I A X 



272 


A. M. GAUDIN AMD BEINHABDT SCHUHIAANM, JR. 


Cuprous xanthate is formed by reaction of xanthate ions with that part 
of the chalcocite surface already covered with an adsorbed xanthate fflm, 
as follows: 


xCuiS 


X + iO, + + 2X- -» 20H- + Cu^, + 

X 


(x - 2)CudS 
2CuS 


X 

X 


The cuprous amyl xanthate so formed is leachable with benzene, and its 
removal does not appreciably affect the flotative properties of the mineral. 
With the amounts of xanthate used in flotation practice only a relatively 
small fraction of the amount of reagent may be accounted for as cuprous 
xanthate. 

THEORETICAL FORMULATION 

Applying the kinetic theory of reaction to the suggested reaction mech- 
anism, a mathematical interpretation of the reaction-product relationships 
given in table 1 may be obtained. The following symbols are used in the 
derivation: 

A =s milliequivalents of xanthate ions in solution at any time, 

Ao = total milliequivalents of xanthate extracted by the mineral 
from solution in a given reaction, 

B = milliequivalents of adsorbed xanthate on mineral at any time. 
Bo total adsorbed xanthate formed in a given reaction, 

C ^ milliequivalents of cuprous xanthate on mineral at any time, 
i XB time, 

S ss effective mineral surface, expressed as milliequivalents of 
“elementary spaces” (see Langmuir (7)), 

X sx fraction of elementary spaces on which xanthate is adsorbed at 
any time, 

xo XB fraction of elementary spaces on which xanthate is adsorbed 
after completion of the given reaction, and 
ki, kj, kt — constants. 

First, the rate of decrease in free xanthate ions is equal to the sum of the 
rates of formation of adsorbed xanthate and of cuprous xanthate, as the 
loss in free xanthate in solution must be accounted for either as cuprous 
xanthate or as adsorbed xanthate. 


d/ df d< 


( 1 ) 


The rate of formation of adsorbed xanthate is proportional to the area of 
bare, imreacted surface and to the concentration of xanthate. 


d< 


* 1(1 - x)SA 


( 2 ) 
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The rate of formation of cuprous xanthate is proportional to the covered 
surface and to the concentration of xanthate. 

^ = k^SA (3) 

ClC 

Substituting equations 2 and 3 in equation 1, 

_ = kid - x)SA + k^xSA (4) 



00 eo ^.0 60 so foo ib.o 

MiUiequt\^af€nf5 Xonihafe Absiracfed 
SDOq Chakoafe 

Ficj. 5. Adsorption curve, Ao =* — 1.25Bo “* 9.1 log (I — Bo/1-75). Experimental 
points from table 1 plotted as circles 


The rate of increase in adsorbed xanthate is equal to the rate of increase 
in adsorbed surface, expressed in the same units. 


From equations 2 and 5, 


dB ^ ^ 
(it (it 


~ = fcid - x)A 
dt 


(5) 


( 6 ) 


Dividing equation 4 by equation 6, 


dz 


« _ S _ = - s(l + ki ) 

fc,(l - x) \ ^ 1 - X/ 


(7) 
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Integrating and substituting limits, 

^ = ®o(l - fcs) - Aj log,(l - X 9 ) (8) 

Substituting data from table 1, Bo — XoS = 1.36 when Ao = 4.19, and 
assuming S, the surface for 1-hour grind, to be 1.76 milliequivalents as 
indicated by the maximum of the curve of figure 2, solving for the constant 
ko, and converting logs to base 10, the equation becomes: 

4o = — 2.19a-o — 9.1 log (1 — To) (9) 

Substituting xo = Bo/S 

Ao = 1.25Bo - 9.1 log (1 - Bo/1.76) (10) 

The curve of this equation is plotted in figure 6, with the experimental 
points from table 1 shown as circles. It is seen that the experimental 
points check this theoretical curve quite closely, especially as the experi- 
mental results for the adsorbed or “unleachable” entity were determined 
by difference from three experimental values: namely, the total xanthate 
added, the cuprous xanthate extracted, and the excess xanthate in solution. 

SmUMART AND CONCLUSIONS 

In this work the following results have been obtained: 

1. In short-time treatment of chalcocite with xanthate the xanthate 
a^sstracted by the mineral may be accounted for as cuprous xanthate and 
as an entity unleachable with ordinary solvents. The formation of the.se 
two products occurs practically instantaneously, although with larger 
quantities of xanthate the reaction to form cuprous xanthate slows up with 
increase in quantity of cuprous xanthate on the mineral. 

2. In long-time treatment of chalcocite with xanthate, leachable products 
other than cuprous xanthate are formed relatively slowly, possibly by 
reaction of cuprous xanthate and hydroxide in solution. 

3. All the potassium of the potassium xanthate remains in the solution. 

4. Hydroxide, carbonate, sulfate, and reducing ions (SmO„) — are 
thrown into the solution in a total amount metathetically equivalent to 
the xanthate abstracted from the solution. 

6. Leaching off the leachable products from xanthate-treated chalcocite 
has no appreciable effect on the flotative properties of the chalcocite. 

6. Pyridine extracts cuprous xanthate from xanthate-treated and 
leached chalcocite, that is, from chalcocite having the “unleachable” film. 

7. The “unleachable” product increases with increase in xanthate 
added, approaching a maximum in a manner suggestive of adsorption. 

8. The maximum amount of unleachable xanthate attainable with 
a given sample of chalcocite corresponds to a complete monomolecular film 
on the chalcocite. 
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9. If a quantity of xanthate just sufficient for effective flotation is 
added, it may be almost completely accounted for as the unlcachable 
product. Only a relatively small fraction of a monomolecular film of 
^^unlcachable” is necessary for efficient flotation. The fraction of the 
surface filmed determines the dryness of the mineralized froth. 

10. Increasing the surface of the mineral by longer grinding increases 
the unleachable portion and decreases the cuprous xanthate portion of the 
reaction products. 

11. The unleachable water-repellent film may be produced by the adsorp- 
tion of cuprous xanthate from benzene solution by the chalcocite. 

12. There is an essential difference between the collecting actions of 
xanthate on chalcocite and on malachite, respectively. An unleachable, 
water-repellent film is not formed on malachite by xanthate. 

From these experimental facts it appears that the collecting action of 
xanthates in the flotation of chalcocite is a result of the production of an 
oriented, partial-monomolecular film of xanthate groups, chemically 
adsorbed in the Langmuirian sense. This film is formed by reaction of 
xanthate ions with the surface of the mineral which contains various 
adsorbed entities as a result of oxidation during grinding and other treat- 
ment. The formation of the adsorbed film is accompanied by niaedion 
of a portion of the xanthate to form cuprous xanthate and perhaps small 
amounts of other substances separable from the mineral by means of 
organic solvents. Application of kinetic theory principles to the suggested 
reaction mechanism gives an adsorption-reaction curve which checks the 
experimental data well within the limits of experimental error. 

This work is being continued with other xanthates and other minerals. 
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The colloid theory of liquid-liquid systems has been envisaged in a 
broad, general formulation by Cofman (2), who redefined the classical 
thermodynamic variables and then applied them in the classical manner 
to colloid systems. One of the consequences of this approach is the state- 
ment that colloids are characterized by energy changes of a potential 
rather than a thermal nature. In other words, the energy exchanges of 
molecularly dispersed systems involve a heat effect which originates in the 
haphazard kinetic motion. On the contrary, the energy transfers of 
colloidally dispersed matter which, by definition, possesses a restricted 
degree of motion, must be associated with chemical or electrochemical 
processes. The same opinion had been expressed earlier by Einstein (2). 

It is true that classical thermodynamics in the form of Gibbs’ adsorption 
equation has proved to be both ‘‘infertile and incomplete” (16) for the 
liquid-liquid interface. Several reasons have been given for this failure, 
among which are the following: entropy changes in the adsorbing region 
contingent upon adsorption (10), inadequacy of the analytical methods 
employed to check the theory (10, 4), and the use of the equation in a 
questionably valid form (11), 

The investigation reported here is a further study of the liquid-liquid 
interface by a method already outlined (15). The influence of some 
hydrocarbon oils on interfacial free energy is the subject of inquiry. The 
data are considered in the light of Cofman ’s theory. 

METHOD 

The method employed consisted of a study of the kinetics of sorption* 
at the interface between sodium oleate solutions and hydrocarbon oils. 

^ Condensed from the dissertation presented to the Faculty of the Massachusetts 
State College in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy, June, 1934. 

•Present address: Worcester State Hospital, Worcester, Massachusetts. 

• McBain (11) applied the term “sorption'' to surface effects that are not dis- 
tinguishably adsorption or absorption. 
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Briefly the technique depends on the hydrolytic equilibrium 

(NaOl)x NaOl + H 2 O NaOH + Acid sodium oleate 

Colloid 

micelles 

which has been worked out by McBain and his students (12, 14). It is 
evident that acid sodium oleate has the greatest escaping tendency of all 
the components of the equilibrium and, therefore, should be sorbed most 
readily. In the event of such sorption the equilibrium is displaced in the 
direction of formation of additional free sodium hydroxide. 

The measurements of increments of sodium hydroxide were made at 25 
=b0.01®C, with a conductivity apparatus. A 10-cc. volume of aqueous 
sodium oleate solution was introduced into a Freas type conductivity cell 
with attendant care to avoid frothing. Half an hour later the resistance 
of this solution was determined with a Wheatstone-Kohlrausch bridge 
sensitized with a two-stage audio frequency amplifier. Then, a 5-cc. 
aliquot of the hydrocarbon oil under investigation was allowed to run down 
the inside wall of the cell and to become an unbroken layer on the surface 
of the sodium oleate solution. The ground glass stopper of the conductiv- 
ity cell was sealed with molten paraffin. Determinations of the resistance 
of the sodium oleate solution were recorded at specified intervals with time; 
reckoned from the formation of the liquid-liquid interface. 

MATERIALS 

Sodium oleate was prepared from oleic acid of the best quality. Approx- 
imately molar equivalents of oleic acid and freshly made sodium alcoholate, 
both in absolute alcohol, were poured together. The precipitated sodium 
oleate was washed on a suction filter with cold absolute alcohol. The 
partially purified product was precipitated again from absolute alcohol, 
washed, and finally dried at reduced pressure and low temperature to avoid 
decomposition. 

Solutions of sodium oleate were prepared by a special procedure in order 
to avoid foams, exposure in transference, and contamination from soft 
glass. The calculated quantity of dry sodium oleate was weighed and 
introduced into a dry glass-stoppered Pyrex bottle and the necessary 
amount of conductivity water added. Like the sodium oleate solutions of 
Du Nouy (3), solutions treated as described remained clear almost in- 
definitely, provided they were sealed with paraffin and stored in the dark. 

Sodium hydroxide solutions were obtained from the dilution of 20 M 
sodium hydroxide with the proper amount of conductivity water (1) . 

The hydrocarbon oils — 0 -, m-, and p-xylenes, toluene, benzene, fir 
hexane, ?^-heptane, n-octane, 96 per cent n-nonane, n-decane, and kerosene 
— ^were purified by double distillation from metallic sodium through an 
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all-glass Pyrex distilling apparatus. The fraction of kerosene which dis- 
tilled between 180 and 240°C. was taken as representative. The 95 f)er 
cent n-nonane was made available through the courtesy of the Bureau of 
Standards, American Petroleum Institute Project No. 4. 

EXPERIMENTAL 


New data have demonstrated that benzene, used in the previous study 
(15), is not a good standard of reference for the hydrocarbons. For this 
reason the sorption phenomenon was examined over a range of (joncentra- 



I'lc. I. N'ariations of the conductance induced by m-xylene with concentration 
(►f sodium oloate. Dotted line shows hydrolysis found by indicators 


tions of sodium oleate with m-xylene superimposed. The layer of hydro- 
(*arbon oil on the surface of the dilute sodium oleate solution displaces the 
hydrolytic equilibrium in the direction of greater hydrolysis. The magni- 
tude of the displacements can be estimated accurately as increments of the 
equivalent conductance of the aqueous phase. 

The initial and final conductances of sodium oleate solutions over a 
range of concentrations are given in grai)hical form (figure 1), together 
with the percentages of normal hydrolysis obtained through indicators by 
McBain and Hay (13) in the same concentration interval. The final con- 
ductance was read after twenty-two hours. 
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Allihough the curve of percentages of sodium oleate hydrolyzed shows a 
rapid and continuous increase with dilution, the curve of final conductances 
under w-xylene is not symbatic. If the conductance increments were a 
measure simply of the pWe distribution of oleic acid, the equivalent con- 
ductance of sodium hydroxide (240 mhos) should be approached. This is, 
however, not the case. After passing through a maximum, the final 
conductance begins to decrease in spite of the fact that normal hydrolysis 
increases. 

These data indicate that the effect measured is not simply the extraction 
of free oleic acid by the oil phase but, rather, is a true adsorption at the 
interface. 


TABLE 1 


The aorption potetUiala of some hydrocarbons at tS°C. 


OIL 



Hexane 

36.72 

49.33 

Heptane 

38.30 

50.77 

Octane 

38.20 

50.56 

Nonane j 

38.20 

49.97 

Decane 

38.20 

48.69 

Benzene 

36 51 

55 15 

Toluene 

36.10 

58.00 

o-Xylene 

36.55 

60.96 

i»-Xylene 

36.35 

l 

61.12 

p-Xylene 

36.59 

60.16 

Kerosene 

36.84 

48.36 


IKCBBIUNT 

SORPTION 

POTRKTIAL 

fl2.61 

\12.66 

0.509 

12.47 

0.503 

12.36 

0.498 

11.77 

0.476 

10.49 

0.424 

(18.64 

0.753? 

\l9.81 

0 801? 

21.90 

0.885 

24.41 

0.987 

(24.77 

! 1.000 

\24.77 


23.57 

0,952 

11.52 

0.466 


Sorption potentials of hydrocarbon oils 

The conductance increments of a series of hydrocarbon oils have been 
determined. The hydrocarbons were investigated two at a time m closely 
Hiiinil«.r cells. Simultaneously, with each pair a control determination was 
made on m-xylene. Aliquot parts (10 cc.) of the .same Af/100 sodium 
oleate solution were used for all of the hydrocarbons given in table 1. The 
ratio of the total conductance inclement for a given hydrocarbon to that 
for m-xylene is tabulated as the relative sorption potential. 

Rates of sorption of the hydrocarbons 

The rate of sorption during the first few minutes of the process is an 
important datum for any hydrocarbon oil. This initial velocity is an 
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ii|)[)roximato m('asur(' of lh(‘ jmtciitial j^rudicnt for acid sodium ol(‘at(' 
between the aqueous solution ami th(* lic^uid liquid intfTfac(‘. In each 
jiortion of the same sodium oleate solution the thermodynamic |)ot(‘ntial 
of acid sodium oleate is the same; hence, the n^lative j)ot(‘ntial gradient is 
d(‘termined solely !)y th(' fri^e interfacial (‘lua-gy. "riua-efore, tin* ral(', of 
sorption at the outset of the process is jiroportional to tin* fn‘e interfacial 
energy. The free sodium hydroxide' which accumulate's as a result of the' 
displacement of the hydrolytic equilibrium comjilicates the subsequent 
rates and alters th(‘ thermodynamic potential of the acid soap. 

The initial rate of sorjition for each hydrocarbon oil has been calculated. 
The conductance* incre*me‘nt feir the* first quart (*r e)f an hemr e)f the veleicity 
pre>e*e?ss was multi|)li(*d fe)ur in e)reler te) e*e)nvert it to mhos ])(*r hour. 

TAHLK 2 

Hifnhvt initial fru inhi facial i ncrcfics and lulal randnrlajni ininnnril'i in raninrf 
irith M / 100 aifucons sofliuni alcatc solution 


on 


Itl- I MU K INI h i<- 
> AM \L L.NKKO^ 

V'' MHO*» I*KH HOI K 


TOTAL rONMiTT f- 
\\(’l TNTHEMr.M 


}Ie*\ane* 

^ t)S 

12 a 

Kornsrne* 

2 

II :> 

l^onzcne* 

] :i2 

IS H 

/>-Xvl(*in* 

I to 

23 i\ 

'robie'iie* 

t (iO 

2l !♦ 

ni-X \ l(*ne* 

() 72 

24 S 

o-Xvlnic 

II .72 

2t *4 


The* first part of tlu' e‘onductane*(* time* e-ur\e’ may ]>e‘ a'^sume'd to be* line'ar 
without mue*h e*rror. 'Phe'se* initial sle)pe*s or r(*lati\'e* mte'rfacial fre'e* e*ne‘rgy 
\alue*s are* gi\ e*n m table* 2 for a fe*\N hyelroe*arbe)n> 

The* e*e)mple*te* e*oneluctance* time* elata are* gi\e*n m figure* 2 for all e)f the* 
hyelre>carbons e*xe*e*|)t the* alkane*s he*ptane*, e)e'tane*, nonane*, and de*e*ane' 
The*se alkane*s elifTe*r emly slightly frenn lu'xane*; the*re*fe)re the‘y are* e)mitte*d 

The* e*urve*s ele'inein.strate* e*le*arly that a elisturbing fae*te)r e*xi>t.s in the* e*ase‘ 
e)f be‘nze*ne*. The* elata in beith table's I anel 2 inehe’ate* a |)e*e*uliarity alse). 
(1e)ser inspe*e‘tie)n eif figure* 2 has le*el to the* sus])ieie>n that the* same elis- 
turbance infiue’nce's the te)liu*ne anel p-xylene* ( ur\e'.s, althe)ugh te) a le*sse*r 
ele*gre*e*. 

The* inte*rpre*tation of the'se* re*sults is gre*atly sim])lifie*el wlu*n the* structure* 
e)f surface's given by Harkins, Clark, anel Heibe'rts (fi) anel Harkins, Davie's, 
and Clark (6) is em])le)ye*d. The*se* autheirs anel Langmuir (9) have* sheiwii 
that the be'nze'iie ring, unifeirmly ])olarize*d l)y its eleiuble* bemds, lie*s flat in 
the* surface of ])ure water. Harkins anel his e*ollabe)rate)rs lane stated 
alse) that toluene me)locul(*s are slightly tilte'el as a re'sult of the* pe)larizing 
influence of the* medhyl group; ///- and e)-xylene* make large*!’ anel large*r 
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angles respectively with the plane of the interface. The intensity of tlu^ 
stray fields of these molecules varies with the angle of tilt. 

The order of intensity of these stray electric fields adjudged from struc- 
ture only should be o-xylene > m-xyleno > toluene > p-xylene > ben- 
zene. The evidence given above (table 2) is in complete agreement with 
these conclusions of Harkins and Langmuir, and seems to indicate that the 
initial slope of the time sorption curve is a measure' of the free intc'rfacial 
energy present subject to the' conditions imposed. 

The work of McBain (14) and Walker (17) has elucidated the' nature of 
the aqueous sodium oleate solutions. At the concentration (Af/lOO) us(‘d 
in the* pre'semt experiments sodium edeate is largely in the form e)f mie*e'lle's. 



P^IG. 2. Tho tinu* iiUTornc'iits of rquival(*nt conductance for a few pure hydro- 
carbons The solid lines indicate the readin^j^s takiui 


The^se micelles are rather highly polar as a ce>nse*quence‘ of the'ir struedure 
Surface tension me^asureunents (7) sheiw that colloid mice'lh's of sodium 
e)lcate exert a much smaller surface pre\ssure than moh'cular seia]) doe's. 
As concentration increases, the surface pressure* of sodium oleate; elevre'ase's 
after a maximum has beem jiassed. It may lie ceaiclude'd, the*refore*, that 
the surface of a Af/lOO sodium ole*ate* solutiein is somewhat polar in nature* 
because* the surface solute* is jirincipally in the* form eif peilar mie*e*lle*s. 
Under these conditions the stray fields of the impinging hydreicarbeins 
probably exist in almost the same relationship to the sodium oleate inter- 
face as they do to pure water. 

The conductance measurements r(*ported here are evidently due to the 
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selective sorption of acid sodium oleate. The selective sorption and 
orientation of molecular soap must of necessity destroy the polar nature 
of the aqueous surface, and create in its place a non-polar surface of oleate 
chains on which the hydrocarbon oil impinges. The end result, then, must 
be a re-orientation of the benzene rings and a straightening of the tilted 
rings to the perpendicular. The previously mentioned flattening of the 
time-conductance curves seems to be evidence of this phenomenon. The 
fact that benzene and all of its derivatives tend to nearly the same total 
increment regardless of initial slope, bears out thLs statement also. In 
accordance with Gibbs’ minimum free energy principle any changes in 
surface structure must be in the direction of increases of potential energy. 
These re-orientation effects seem, therefore, to indicate “changes of 
entropy” in the adsorbing layers of the hydrocarbon oil. 

Storage of potential energy 

It has been suggested (2) that energy transfers in colloid systems involve 
chemical or electrochemical processes. Some support for this statement is 
contained intrinsically in the data above, but an experiment was designed 
to yield more direct proof. To the same Af/100 sodium oleate solution 
known amounts of sodium hydroxide were added stepwise and aliquots of 
the sodium oleate-sodium hydroxide mixture were removed between 
additions. An accurately measured amount of each aliquot was investi- 
gated with m-xylene at 25®C. The data are plotted in figure 3. 

The additional alkali suppresses normal hydrolysis. Some of the added 
sodium hj'droxide disappears by combination with the acid sodium oleate. 
The straight line in figure 3 is the conductance-concentration curve ex- 
pected if none of the sodium hydroxide combined. The shaded area showrs 
the amount and limit of normal hydrolysis. 

w-Xylene induces hydrolysis even in the presence of added alkali which 
has reduced normal hydrolysis to a negligible degree. It is probable, then, 
that Cofman’s idea is wholly tenable. Free energy in the system is con- 
verted to potential energy. In this induced hydrolysis water is broken 
up into its constituent ions; free energy is thereby stored as electrochemical 
potential. 

Acid sodium oleate and surface tension 

The increments of equivalent conductance at different concentrations of 
sodium oleate are plotted in figure 4 for comparison with the surface pres- 
sure measurements of Johlin (8). Surface pressure is the force exerted by 
the surface solute against the surface tension of the pure solvent; numer- 
ically, it is the difference between the surface tension of the pure solvent 
and that of the solution. 

The similarity of the two curves suggests that a part of the surface pres- 
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sure exerted by sodium oleate is a function of hydrolysis as measured 
by conductance. In concentrations of 0.02 M and greater, sodium oleate 
exists largely in the form of micelles. It appears, therefore, that the 
miceUes alone exert a surface pressure of about 46 djmes and that greater 



Fio. 3. The effect of sodium hydroxide on the increment of conductance 

due to m-xylene 

surface pressures are exerted by acid sodium oleate. It follows then, that 
the surface pressure of a sodium oleate solution which impinges on its vapor 
has a very limited value when that datum is applied to the liquid-liquid 
interface between that same sodium oleate solution and an oil phase. 
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Owing to the fact that acid sodium oleate exerts the greater surface pres- 
sure, together with the fact that the hydrocarbon phase increases the 
quantity of it by selective adsorption and the resultant hydrolysis, the 
surface pressure of solute for a given sodium oleate solution in contact with 
an oil phase can exceed the surface pressure which obtains when the same 
solution impinges on its vapor. 



Fig. 4. A comparison of surface pressures with m-xylene conductance increments 
at different concentrations 

CONCLUSIONS 

The failure of Gibbs ^ equation must be attributed at least in part to a 
lack of knowledge of the processes involved. The inflexion points and 
negative slopes in the surface pressure-concentration relationship for 
sodium oleate are probably due to changes in the solute. If the concentra- 
tion function were differentiated and each of the various forms of aggre- 
gates considered as a separate solute with individualistic properties, nega 
tive values of T would probably not arise. 

Moreover, it seems that changes in the structure of surfaces not covered 
by the theory of orientation take place during and as a result of adsorption. 
There is probably a molecular re-orientation in the surface configuration of 
some oils at the plane of contact. As a consequence free and potential 
surface energies of the interface are altered. These changes must be 
included in Gibbs^ equation. 

The selective adsorption of acid sodium oleate by hydrocarbon oils alters 
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the surface pressure by an amount not predictable from surface tension 
measurements. The characteristics of the oil phase must be considered. 

RdUitive sorption potentials, which should be useful data in the quanti-* 
sation of emulsions, are tabulated. 

Some evidence in support of the idea that colloids involve potential 
energy changes has been given. In the case of sodium oleate and hydro- 
carbon oils free interfacial energy is stored in the cleavage of water. 

The author is indebted to Dr. Paul Serex, whose sustained interest was 
invaluable to the progress of the work. 
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Optical Rotatory Power. By T. Martin Lowrt. 21.5 x 13.5 cm.; xiii + 483 pp. 

lAindon: Longmans, Green and Co., 1935. Price: 30/- net. 

It would require more space than is available to enumerate all the subjects which 
Professor Lowry deals with in this book, and it must suffice to say that in addition 
to an outline of the historical development of each theme, he gives valuable details 
of most of the apparatus used in polarimetric work, and a comprehensive treatment 
of the main problems at present under discussion, especially those to which his own 
investigations have been directed, or are related. Mostly the treatment is adequate, 
but in a number of cases it is incomplete, work quite relevant to the question dealt 
with being ignored ; and it may be noticed that the diagram on p. 330 really represents 
the behavior not of nicotine but of ethyl tartrate (see Z. physik. Chem. 00, 652 
(1907)), whilst in the diagram on p. 154, the curve of ellipticities ought to be in- 
verted (J. phys. [3] 7, 84 (1898)). 

In the theoretical parts of the book, the treatment is speculative, and often 
unsatisfactory from a logical point of view. Thus since quartz, and tartaric acid 
in solution, exhibit anomalous rotation dispersion, and the phenomenon in the lat- 
ter case is attributed to the existence of dynamic isomers, it might be expected, by 
parity of reasoning, that quartz ought also to consist of several dynamic isomerides, 
a logical conclusion which there is, however, some reluctance to adopt. 

This modern tendency towards deductive reasoning seems more than a little pre- 
mature in regard to optical activity, considering that the very outlines of the sub- 
ject have not yet been satisfactorily investigated, even in a qualitative sense. 
There is in fact, on account of the remarkable sensitiveness of the phenomena in 
question to various external and internal factors, hardly any subject which so little 
lends itself to such treatment. Nevertheless, Professor Lowry's book, representing 
as it does the attitude of a large school of investigators, will quickly become, on 
that account, as well as by its many valuable qualities, indispensable to workers in 
this field. 

T. S. Patterson. 

Colloid Symposium Monograph. Papers presented at the Eleventh Symposium on 

Colloid Chemistry, Madison, Wisconsin, June, 1934. Edited by H. B. Weiser. 

Baltimore: The Williams & Wilkins Company, 1935. 

The Colloid Symposium since its birth has afforded an open forum where the 
somewhat artificial distinctions separating chemistry, physics, and physiology can 
be disregarded. Also it has been generally possible to achieve an elasticity of dis- 
cussion not usual under the alarm-clock and stop-watch ridden sessions of major 
conventions. The publication of its proceedings as an annual monograph is gener- 
ally justified, more particularly when as in the present volume one finds a feature 
subject rallying to it a number of papers. In this case the feature was cellulose. 
A sort of snails’ race between colloid and cellulose chemists as to which should be 
the last to take notice of the other appears ended. In this collection the paper by 
W. D. Bancroft and J. B. Calkin entitled ‘‘Adsorption of Caustic Soda by Cellulose” 
does not appear to contain much new over their papers in Textile Researchf but sums 
up clearly their evidence and arguments against any stoichiometric combination. 
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E. O. Kr&mer and W. D. Lansing contribute a valuable review of methods and data 
available for determining molecular weights of cellulose and its derivatives; S. £. 
Sheppard and P. T. Newsome a comparison of the properties of the cellulose (tri)- 
esters of the homologous fatty acids. The papers of A. Stamm and collaborators on 
the diffusion and sorption of water in wood and cellulose are rich in data and sug* 
gestive in argument. Papers on adsorption deal with both the experimental side 
and the theoretical — an interesting example of the latter being a critique by Q. £. 
Cunningham of the Langmuir equation for the adsorption isotherm, and a proposed 
substitute. Several papers deal with electrokinetics in various applications. A 
technical paper by F. L. Browne on the behavior of paint as affected by gel changes 
of the vehicle, and a semi-technical one by W. D. Bancroft and P. H. Miller on cold 
vulcanization should be mentioned. The latter is remarkable as admitting that 
data which can be represented by a smooth adsorption curve may actually derive 
from stoichiometric combination. 

S. E. Sotppabd. 

Orthohydrogen^ Parahydrogen and Heavy Hydrogen. By Adalbebt Fabkas. 14.5 x 
22 cm.; xiv -f 215 pp. Cambridge: The University Press. New York: The 
Macmillan Company, 1935. Price: $3.50. 

This important addition to the Cambridge Series of Physical Chemistry will be 
welcomed by all investigators who are interested in hydrogen. The book is timely 
and is especially valuable because it combines the different phases of the subject in 
one volume. It is divided into two parts. Part I is devoted to ortho- and para- 
hydrogen and its chapters are as follows: L The Discovery of Orthohydrogen and 
Parahydrogen; II, Theory; III, The Properties of the Hydrogen Modifications; 
IV, The Kinetics of the Ortho-parahydrogen Conversion; V, Applications; VI, Ortho 
and Para Systems in other Molecules. Part II discusses heavy hydrogen in chapters 
entitled as follows: I, The Discovery of Heavy Hydrogen; II, The Preparation and 
Determination of Heavy Hydrogen; III, The Properties of Heavy Hydrogen; IV, 
The Chemistry of Heavy Hydrogen (1. Equilibria, 2. Kinetics). 

The author, who personally has contributed much to the development of our 
knowledge of the subject, amply fulfills the purpose for which the book was written. 
This can best be stated as the author does when he says, ''the purpose of this book 
is to describe the preparation, properties and chemical behavior of these different 
kinds of the same element and to illustrate how the investigations connected with 
this subject have contributed to the solution of some chemical and physical prob- 
lems.*' The author gives a very complete review of the theoretical as well as the 
experimental work which has been completed since the discovery of ortho- and 
para-hydrogen in 1929. There is not much to be said in criticism of the book, for 
any lack of completeness must be attributed to the present state of development of 
the subject and not to omissions on the part of the author. Part I is therefore more 
complete than Part II. The combination of the theoretical with the experimental 
work seemed to the reviewer to be particularly well done. The book is heartily 
recommended to advanced students in physical chemistry as well as to those who 
are working in the field. 

L. H. Reybbson. 

The Princtples of Experimental and Theoretical Electrochemistry. By Malcolm Dole. 
xiii + 549 pp. New York: McGraw-Hill Book Co., Inc., 1935. Price: $5.00. 
This is one of the most valuable books written on the subject of electrochemistry. 
During recent years the field has broadened so rapidly and new material, both ex- 
perimental and theoretical, has appeared in such amounts that students have been 
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unable to keep up-to-date by reading original publications. In this book the author 
has analyzed most of the recent work and organized it and condensed it in a masterly 
manner. It is primarily a reference book, though it might be used as a text in a 
graduate course or, more especially, a seminar. 

Several topics which are entirely omitted or briefly mentioned in other texts are 
given extensive treatment. Among these are: the Wien effect and Debye frequency 
effect, 11 pages; dielectric constants and electric moments, 35 pages; molecular rays, 
27 pages; phase-boundary and semipermeable-membrane potentials, 20 pages; and 
the glass electrode, 16 pages. Especially interesting is the chapter entitled **Quan- 
tum Mechanics and Electrochemistry.** 

The author assumes a pronounced modern point of view. There are nearly seven 
hundred literature references, of which more than five hundred are to articles that 
have appeared during the last ten years, and more than three hundred since 1930. 

The book is unusually free from errors. It is written in a clear, understandable 
style. Complex mathematical derivations have been omitted, though ample refer- 
ences are given to. original sources for those who wish to follow through such de- 
rivations. Care is taken, however, to point out the assumptions involved in the 
mathematical developments, so that the reader may understand the limitations of 
applications of the final simple expressions included in the text. There are many 
curves and figures and many tables of data that assist the reader materially in fol- 
lowing the discussions. One might be misled by the term ‘‘experimental** in the 
title of the book. It is in no sense a laboratory manual, but the experimental side 
of each topic is emphasized and actual data are extensively used in the discussion 
of theories. 

Naturally there are several points about such a book that conflict with the views 
of each individual reader. The reviewer regrets that the author did not see fit to 
use some of the conventions and methods of attack that have become so generally 
accepted by the authors of the most popular texts in physical chemistry in the dis- 
cussion of thermodynamics and electromotive force. Several instances might be 
mentioned where exceedingly elementary material is introduced that tends to detract 
from the high tone of the book as a whole. Among such topics may be mentioned 
the following; series and parallel circuits, the electrolysis of simple substances, 
and the Faraday and the coulometer, presented between pp. 29 and 33; the direct- 
current Wheatstone bridge, pp. 42-3; the voltmeter, potentiometers of the Pog- 
gendorf type, indicating devices (the moving-coil galvanometer), pp. 211-5; stand- 
ard cells, and some useful electrodes, pp. 220-5. The material presented on these 
pages is found in the most elementary texts of physics and physical chemistry and 
must be familiar to any person interested in this book. And yet the subject of con- 
ductometric titrations, which has received such extensive development during the 
last few years that H. T. S. Britton published a book on the subject in 1934, is given 
only one page. 

On the whole the book represents a difficult task remarkably well done. No 
person interested in electrochemistry or the theories of electrolytic solutions can 
afford to be without it. 

Alfred L. Ferguson. 

Elecirona (-f ctnd — ), ProtonSy Neutrons and Cosmic Rays, By Robert A. Millikan. 

490 pp. Chicago: The University of Chicago Press, 1935. Price: $3.50. 

As the author explains in the preface, the present book is a direct outgrowth of 
the volume entitled The Electron published in 1917 (University of Chicago Press), 
which was revised in 1924 and further expanded when he delivered the Messenger 
Lectures at Cornell University. 
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Besides the small amount of revision necessary in the earlier parts, six entirely^ 
new chapters have been add^ on waves and particles, discovery and origin of cosmic 
rays, the spinmng electron, the positron, the neutron and the transmutation of 
elements, and the nature of cosmic rays. 

The name of the author is intimately associated with most of these new fields. 
The positron was discovered in his laboratory. He has been one of the leaders in 
the investigation of cosmic rays. Hie treatment as one might have expected is 
interes^g^ thorough and authoritative. 

In the section on the divisibility of the electron the conclusion is reached that 
there is up to the present no evidence whatsoever of a sub-electron. 

The work is splendidly illustrated with figures and photographs of cloiid tracks 
and of af^aratus. 

8. C. Lind. 

AbaoltUe ihermUehe Daten wnd Gleichgmickiskonatante, By R. Doczbkal (in col- 
laboration with H. Pitsch). 23 x 15 cm.; 69 pp.; three diagrams in pocket. 

Vienna: Julius Springer, 1935. Price: 6.60 RM. 

This book contains a summary of the thermodynamic equations used in the calcu- 
lation of energies, entropies, and free energies of substances, with data for hydrogen, 
oxygen, nitrogen, carbon monoxide, carbon, water, carbon dioxide, methane, and 
benzene given in tables and curves. These data are applied to the determination 
of equilibrium constants of some reactions of technical interest. The evaluation of 
equilibrium constants in dissociation reactions is then considered, the tables pro- 
vided furnishing the values when the degree of dissociation is known. Since the 
data, particularly the specific heats of gases, are only very approximate, the results 
are in general more suitable for application in industrial conditions than in the 
research laboratory. The symbols used are not those employed in England or 
America and are printed in Gothic type. Within its limitations the book is likely 
to be very useful and the authors appear to have taken pains in selecting the data. 
It should be particularly useful in works laboratories where problems of the type 
it deals with must frequently call for solution. 


J. R. Pabtinotok. 
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INTRODUCTION 

The purpose of this research was to investigate how the partial free 
energy, heat content, and heat capacity of a typical bivalent electrolyte, 
cadmium sulfate, are affected on lowering the dielectric constant by the 
addition of ethyl alcohol to its aqueous solution. 

It can be demonstrated (7, 20) that the electric free energy of an ion 
can be computed from the work of reversibly charging the ion from a 
reference potential to its actual potential The latter is composed of 
two parts: first, a part which exists in the absence of any surrounding 
ions and arises by virtue of its own charge; and second, a part which 
arises from the unequal distribution of the surrounding ions as interpreted 
by the Debye-Htickel interaction theory. The interaction effect depends 
upon limiting first approximation, and upon a parameter a 

which represents in terms of the model the distance of closest approach of 
the ions. The interaction effect can be eliminated exactly when the experi- 
mental results at finite concentration permit of an unequivocal extrapola- 
tion to infinite dilution. 

The potential, ^o, which generally is of greater magnitude, should, accord- 
ing to Born (3), vary inversely with the radius of the ion and the dielectric 
constant. Born’s equation for the solvent effect assumes the same simple 
model, namely, that the ions may be represented by spheres of radius r„ 
and the medium by a continuous dielectric having the macroscopic value 
Z>. All chemical processes of solvation are ignored. 

One aspect of this investigation was to ascertain in how far this simple 
model can account for the experimental results obtained with a bi-bivalent 
salt, where the electric effects are of greater magnitude than with a uni- 
univalent salt, by comparing the radii of the ions as computed from the 
Bom equation with the value a as given by the interaction theory. Al- 
though a number of investigators (6, 10, 11, 19, 23) have utilized galvanic 
cells to study medium effects in terms of the free energy of transfer of 
electrolytes, no systematic investigation of temperature coefficients in non- 
aqueous solvents has been made. Such studies are of importance since 
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they furnish accurate data for the calculation of changes in the heat content 
and heat capacity of the cell process from which the thermal properties of 
the elecirol3rte can be readily obtained. Owing to the highly reproducible 
behavior of cadmium amalgam and mercurous sulfate electrodes, cells 
containing these electrodes are most suitable for attacking this problem. 

Since the requisite data for aqueous cadmium sulfate are available from 
the studies of LaMer and Parks (17) on the amalgam cell : 

Cd (2 phase), CdSO* (M, H,0), PbS04(S), Pb (2 phase) Cell I 
for which the cell process is: 

Cd (satd. Hg) + PbS04(S) = CdS04 (M, HsO) + Pb (satd. Hg) 

we[first investigated this cell by replacing the water progressively with ethyl 
alcohol. Equilibrium, however, was attained so slowly in the presence of 
alcohol that cell I was abandoned in favor of the amalgam cell using mer- 
curous sulfate instead of lead sulfate: 

Cd (2 phase), CdS04 (M, o per cent EtOH), Hg,S04(S), Hg CeU II 

Cd (satd. Hg) -f- HgjS04(S) = CdS04 (Af, a per cent EtOH) -f 2Hg 

The limited success which the mercurous sulfate electrode has achieved 
in aqueous solution is due primarily to the uncertainty arising from the 
relatively large corrections for its solubility, which must be applied when 
the concentration of the more soluble sulfate (cadmium sulfate) is less 
than 0.005 M. Fortunately, the solubility of mercurous sulfate is greatly 
reduced by the addition of alcohol. In 33.3 weight per cent ethyl alcohol, 
using Hulett’s method (14) of precipitating the mercury as chloride by the 
addition of hydrochloric acid, we find <SHg,so. = 1.8 X 10“® moles per liter. 
The same value was obtained in experiments in which the alcohol was first 
evaporated and the chloride precipitated from aqueous solution. The 
solubility product of mercurous sulfate in 33 weight per cent alcohol is 
consequently so small that no correction for sulfate ion is necessary in 
calculating the observed normal potentials even for concentrations as 
low as 0.001 M cadmium sulfate. Furthermore, cell II yielded highly 
reproducible potentials and hence is well suited for our purpose, even 
though its use is limited to rather narrow ranges of concentration as a 
result of the decreased solubility of both cadmium sulfate and mercurous 
sulfate. In 15 per cent ethyl alcohol the lower limit for precise work is 
0.01 M cadmium sulfate; in 33 per cent ethyl alcohol the limits are 0.001 M 
extending to saturation (about 0.01 M) ; above 33 per cent ethyl alcohol 
the internal resistance of the cell is so high that 0.01 M is the practical 
lower limit; above 50 per cent alcohol cadmium sulfate becomes too in- 
soluble for precise measurements. 
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To compare the results in water using cell I with those in alcohol using 
cell II, it is necessary to know the thermal properties of cell III : 

Pb (2 phase), PbS04(S), Hg2S04(S), Hg Cell III 

Pb (satd. Hg) + Hg2S04(S) = PbS04(S) + 2Hg 

Subtracting cell III from cell II yields 

Cd (2 phase), CdS04 (M, a per cent EtOH), PbS04(S), Pb (2 phase) 

Cell IV 

Cd (satd. Hg) + PbS04(S) = CdS04 (M, a per cent EtOH) 

+ Pb (satd. Hg) 

It will be observed that cell IV is identical with cell I except that the 
solvent contains a per cent ethyl alcohol. By comparing results with cell 
I and cell IV, the free energy of transferring cadmium sulfate from water to 
alcohol can be computed without involving the troublesome and uncertain 
solubility corrections for mercurous sulfate. 

Henderson and coworkers (12, 13) have measured cell III at 18®, 25°, 
and 30°C., but as this temperature range was not suflBcient, and no precau- 
tions were reported for the removal of oxygen from the solution, we have 
reinvestigated cell III over the range 0° to 50°C. 

APPARATUS 

The electrical apparatus described in detail previously by LaMer and 
Parks (17) was used. The potentiometer was recalibrated. The Eppley 
Cell No. 74017, calibrated by the Bureau of Standards, was checked fre- 
quently against other standard cells in the laboratory. 

PREPARATION OF MATERIALS 

The best c.p. grades of salts were further purified by repeated crystalliza- 
tion as described previously, using conductivity water and Nonsol bottles 
for storage. The preparation and storage of the amalgams was identical 
with previous description. The cadmium sulfate solutions were prepared 
by diluting a master solution (approximately 0.1 molal) by weight, the 
exact concentration of which was known to 0.05 per cent by the quantita- 
tive deposition of cadmium by electrolysis. 

Ethyl alcohoL We have corroborated the work of Stout and Schuette 
(24), who showed that the method in which ethyl alcohol is distilled from 
aluminum and potassium hydroxide is more effective in removing the alde- 
hydes than the more common method using silver oxide. Ten grams of 
potassium hydroxide was added per liter of 95 per cent alcohol. The next 
day 6 to 8 g. of aluminum turnings per liter of alcohol was added, the 
reaction mixture refluxed for one hour, and finally distilled in an atmosphere 
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of nitrogen in glass apparatus having an efficient fractionating column. 
The middle and last fractions were found to be aldehyde-free when tested 
with fuchsin-sulfite reagent as described by Woodman (26). The specific 
gravity of the alcohol was then taken at 25®C. The weight per cent of the 
alcohol was determined from the density. 

Mercurous sulfate. Mercurous sulfate was prepared electrolytically by 
the Hulett method (15), in which purified mercury served as the anode and 
a platinum wire dipping into sulfuric acid of density 1.15 was the cathode. 
The product was gray, owing to the presence of finely divided mercury, 
which is a distinct advantage in checking any tendency of the mercurous 
ion to be oxidized to mercuric ion. Vosburgh and Eppley (25) have shown 
that samples of mercurous sulfate prepared by three different methods — 
the reduction of mercuric sulfate by mercury, direct current electrolysis, 
and the reaction of mercurous nitrate and sulfuric acid — give e.m.p.^s 
agreeing within 0.01 mv. Akerlof (1) also obtained satisfactory results 
with mercurous sulfate prepared electrolytically in his study on the alkali 
sulfates. The mercurous sulfate was stored in the dark under 2 molal 
sulfuric acid in a Nonsol bottle. 

EXPERIMENTAL METHOD 

The cell vessel used for cells I and II was the same as that developed by 
Cowperthwaite and LaMer (5) for their study of zinc sulfate. This type 
of cell vessel permits the entire filling operation to be carried out in an 
atmosphere of nitrogen, and the cell can then be sealed off under mercury. 
The reader should consult their paper for the diagram and details of 
manipulation. 

The type of cell vessel used by LaMer and Parks was found to be more 
suitable for cell III, where two solids are involved. Their cell vessel is 
composed of six electrodes divided by three large bore stop-cocks into two 
groups of three each. On one side three similar lead~lead sulfate electrodes 
and on the other side three similar mercurous sulfate-mercury electrodes 
are set up. This type of vessel has the particular advantage that measure- 
ments to check the constancy and reproducibility of each leg of the three 
electrodes forming the one half-cell as well as the measurements of the three 
total cells can be made without disturbing the contents or the vacuum. 

EXPERIMENTAL DATA 

To test the reproducibility and freedom from hysteresis of cell II in 
alcohol solutions, three sets of five cells each were made up on different 
days. The concentrations of cadmium sulfate and ethyl alcohol were 
respectively 0.01 M and 33.3 per cent. The average deviation at 25®C. 
was ±0.0064 mv. For two of these sets, the readings were taken at 
different temperatures in the order: 25®, 30®, 20®, 15®, 10®, 0®, 10®, 20®, 25®, 
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and 30®C. The combined averages of the values obtained at descending 
and ascending temperatures of the two sets never had an average deviation 
greater than ±0.02 mv. ; usually much less. Cell II is not only reproducible 
but it exhibits little, if any, temperature hysteresis. 

Henderson and Mellon (12), using both a saturated and an unsaturated 
solution of sodium sulfate as the conducting medium, found that cell III 


TABLE 1 

Observed e.m.f. of cell III 


TEMPERATHRIS 

rc. 

NO OF CELLS MEASURED 

JS = £1(1' = £0 

0 0 

3 

0 96051 

12 5 

3 I 

0 96262 

25 0 


0 96471 

37 5 

3 

0 96680 

50 0 

3 

0 96891 


TABLE 2 


Values of E for 0.01 M cadmium sulfate 


rc 

AMD 

(ILO) 

2? (ID 

£ (11) 

1 A (IV) 1 

A (IV) 

(33 3 PER CENT 

(50 PER CENT 

(33 3 PER CENT 

(50 PERCENT 


AIjCOHOL) 

aix^ohol) 

AIX'OHOL) 

alcohol) 

0 0 

0 14651 

1 01526 

1 02425 

0 08475 

0 06374 

10 0 

0 14720 

1 04780 

1 02596 

0 08561 

0 06377 

15 0 

(0.14673) 

1 04870 

1 02659 

0 08567 

0 06356 

20 0 

0 14588 

1 04942 

1 1 02707 

0 08555 

0 06320 

25 0 

(0 14476) 

1 04997 

j 1 02744 

0 08526 

0 06273 

30 0 

0 14346 

1 05032 

1 1 02774 

0 08477 

0 06219 

1 

Fo'(I) 

(HaO) 

A«' (ID 

1 AO' (II) 

' A"' (IV) 

AO' (IV) 

tx:. 

(33 3 PER CENT 1 

[ (50 PER CENT 

33 3 PER CENT 

(50 PER CENT 


alcohol) 

alcohol) 

aix’ohol'I 

alcohol) 

0 0 

0 03812 

0 93687 

1 0 91586 

-0 02364 

-0.04465 

10 0 

0 03485 

0 93545 

1 0.91361 

-0 02674 

-0 04858 

15 0 

(0 03239) 

0 93436 

0 91225 

-0 02867 

-0.05078 

20 0 

0 02956 

0 93310 

0 91075 

-0 03077 

-0 05;U2 

25 0 

(0 02645) 

0 93166 

0 90913 

t -0 03305 

-0 05558 

30 0 

0 02317 

0 93003 

0 90745 

i -0 03552 

-0 05810 


* i ) interpolated values. 


gave an e.m.f. of 0.96466 at 25®C. They also demonstrated that the e.m.f. 
was independent of the conducting medium by using saturated and un- 
saturated solutions of nickel, zinc, manganese, and cobalt sulfates in place 
of sodium sulfate. 

In table 1 are given our results for cell III over a wider temperature 
interval, using as solvents 0.33 M sodium sulfate and 0.002 M sulfuric acid 
(to prevent hydrolysis in water), and 0.01 M sodium sulfate in 33.3 per 
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cent etiiyl alcohol. The measurements of the two sets agreed within 
:±:0.02 mv. and checked Henderson and Mellon’s value at 25°C. to 0.05 mv. 

In table 2 are recorded the observed values of E for the respective cells 
for 0.01 M cadmium sulfate in the solvents water (column 2), and 33.3 
per cent and 50 per cent ethyl alcohol (columns 3 and 4) at various tempera- 
tures. Each value represents the average of at least five cells; the average 
deviation was never greater than db0.02 mv., and in many cases only drO.Ol 
mv. The values for the cell process IV, obtained by subtracting the 
temperature-interpolated values of E (III) from E (II), are given for 
purposes of direct comparison with cell I with which they are equivalent 
except for the presence of alcohol. 

In table 3 are given the observed values for cell II for different concen- 
trations of cadmium sulfate in 33 per cent ethyl alcohol at 25‘’C. Each 
value represents the average of at least five cells; the average deviation was 


TABLE 3 

E for cells I, II, and IV as function of concentration of cadmium sulfate and per cent 

of alcohol at iS°C. 


M 

0 PBB CENT AlX;OHOL 

33 PBRCBNT ALCOHOL 

I 

II 

IV 

0,01 

0.14476 

1 04997 

0 08526 

0.008 

0.14877 

1 05249 

0.08778 

0.006 

0.15404 

1 05577 

0.09106 

0.004 

0.16158 

1 06017 

0.09546 

0.002 

0.17424 

1.06686 

0.10215 

0.001 

0.18840 

1 07386 

0.10915 


16 per cent alcohol at 0.01 M; E (II) - 1.07908; E (IV) - 0.11437. 


never greater than ±0.04 mv. The values for cell I in water were taken 
from a large scale graph of LaMer and Parks’ (17) JE?"' values after they 
had been interpolated to 25®C. using an equation of the third degree in t. 

THEORETICAL 

When a mole of salt is transferred from an aqueous solution of dielectric 
constant A to an alcoholic solution of dielectric A, the reversible work of 
transfer arises from two sources. The excess electrical free energy, which 
the ions possess by virtue of their unequal distribution as interpreted by 
the Debye-Hiickel interaction theory, changes somewhat with the change 
in the dielectric constant. Secondly, the individual ions of radius n possess 
a greater electrical free energy in the medium of low dielectric constant by 
virtue of the greater amount of work which is necessary to charge reversibly 
these ions for such a medium. Bom’s equation for this solvent medium 
effect is 
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Afo 


{uYN/l 1\/1 1 \ 

2 VDi dJ Vr+ rj 


( 1 ) 


Afo is the free energy change at infinite dilution, where the effects of inter- 
action are absent.^ 

The activity coeflScient often is a more convenient quantity to use in the 
numerical treatment of experimental data than is the free energy. Any 
activity coefficient whose standard state of reference is taken as unity for 
infinite dilution in pure water will be designated by the symbol /. When 
the activity coefficient is referred to the standard state of infinite dilution 
in a particular water-alcohol medium, an asterisk will be used (/*). A 
subscript zero indicates that the concentration of electrolyte is zero, and 
when the medium is pure water, a superscript zero will be used (/°;/S = 1, 
etc.). All concentrations of cadmium sulfate are expressed in moles per 
kilogram of solvent; the concentration of alcohol in weight per cent. 


TABI.E 4 

**Toial medium effect^* log f/p for cadmium sulfate at 


WKIGHT PEH CENT 
ETHYL ALCOHOL 

D 

0 01 M 

0 008 3/ 

0 006 M 

15 0 

33.3 

50 0 

70 14 

59 16 

48 93 

0 5138 

1 0059 

1 3867 

1 0311 

1 0647 

WEIOHT PEK CENT 
ETHYL ALCOHOL 

D 

0 004 M 

0 002 M 

0 001 M 

33 3 

59 16 

1 1178 

1.2187 

1.3398 


In terms of these definitions, the total medium effect is log f/P and is 
composed of two parts, the solvent effect = log /o//2 = log /o, since fl 
= 1, plus the interaction medium effect log/*//®. Thus 

log///® log/o + log///® (2) 

Owen (21) uses the terms ‘‘primary'^ and ‘‘secondary” medium effects, 
but we prefer the more descriptive terms “solvent” and “interaction.” 
They are obviously related to the potentials and mentioned in the 
introduction. 

The total medium effect is obtained directly from the e.m.f. of the 
double cell I-IV by the relation 

E ^ E (IV) -£(!) = 0.05915///® (3) 

^ Zc is the charge on the ion, N is Avogadro’s number, and r+ and r. are the radii 
of the cation and anion. 
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The results are given in table 4 for the concentrations of cadmium sulfate 
and alcohol studied. 

Calculation of the solvent medium effect and the interaction coefficient 
f* requires a knowledge of for cell II in alcohol. In figure I we have 
plotted the values of i?®'; defined as 

E^' = E + M] £’«' = In/* (^ = n = 2) (4) 

ng ’ ng 

against the square root of the molality for 33.3 per cent ethyl alcohol. 
The data obviously do not approach the limiting slope of the Debye- 





Fio. 1 

Hiickel theory at concentrations as low as 0.001 M. This behavior has 
been observed (4, 9) previously for the solubility data of salts in methyl 
and ethyl alcohol-water mixtures. 

Fortunately, a precise value of E^ is not necessary, since a comparatively 
large error in log /* results in only a small error in log /o, /* never being 
greater than 1 per cent of /o. In table 5 we give the calculation of E^ 
using the Gronwall, LaMer, and Sandved (8) equation for the activity in 
equation 4 for o = 2.92 A.U., which proved to give the best fit. 

It will be noticed that the individual values fluctuate more from the 
average than they do for cadmium sulfate in water solution. This is due 
to the fact that the higher terms do not converge rapidly in the case of the 
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alcohol solution (D = 59.16), whereas they do converge with sufficient 
rapidity in the case of water (JD = 78.54). LaMer and Parks obtained a 
constant when an ion size of 3.6 A.U. units was used. Whether the 
decrease in a from 3.6 A.U. in water to 2.92 A.U. in 33.3 per cent alcohol is 
real, or arises from insufficient convergence, or is due to theoretical weak- 
nesses in the Debye-Huckel theory cannot be determined at present. It is 
gratifying that the calculated over the range from 0.01 M to 0.001 Af, 
agrees within 0.16 mv. of the value obtained by the linear graphical extrap- 
olation. We estimate that E^ is known to ±0.0005 volt, which fortu- 
nately introduces an uncertainty in the calculation of the solvent medium 
effect of only ±0.5 per cent. Using the average value E^ = 0.87033, the 
solvent medium effect for 33.3 per cent ethyl alcohol in the absence of any 
interaction effects equals 1.6246. 

According to the Born equation, the solvent medium effect, log /o. 


TABLE 5 

Calculation of by the Gronwally LaMer y and Sandved extension; a = 2.92 A.U. 


CONCENTRATION 

Eo 

DEVIATION FROM MEAN 

0 01 

0.87075 

0 00044 

0 008 

0 86994 

-0 00047 

0 006 

0 86966 

-0 00075 

0 004 

0 87006 

-0 00035 

0 002 

0 87095 

0 00054 

0 001 

0 87107 

0 00065 

Average . 

0 87041 ± 0 0005 


Graphical extrapolation 

0 87025 



should be proportional to the reciprocal of the dielectric constant of the 
solvent, a prediction which Akerlof (2) found to hold fairly well for sodium, 
potassium, lithium, and hydrogen chlorides up to 80 per cent methyl 
alcohol in water {D = 42.3). The dotted line in figure 2 has been drawn 
on this assumption. The distance from any point on the solid line to the 
dotted line at the same value of 1/Z> is equal to the interaction medium 
effect, which, it will be noted, rapidly becomes of greater importance as the 
dielectric constant decreases. 

From the slope of the dotted line we calculate that 



corresponds to a value of r = 1,24 A.U. If the ions are spherical and no 
forces of deformation intrude, a = 2r = 2.48 A.U. The disagreement 
with a = 2.92 A.U., calculated from the Gronwall, LaMer, and Sandved 
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form of the interaction theory, while outside experimental error, is not 
serious considering the highly simplified character of the model which 
completely neglects any influence of solvation. 

In column 2 of table 6 are given the values of /*, the interaction activity 
coefiScient for cadmium sulfate in 33 per cent ethyl alcohol and referred to 



Fio. 2 

o- , 0.000 ilf ; A, 0.001 M; 0, 0.002 M; X, 0.004 M; O, 0.010 M 


unity at infinite dilution in this solvent and in column 3, the corre- 
sponding activity coefficients in aqueous solution. The last column gives 
the interaction medium effect log /•//*. 

The decrease in molal heat content (— Ah) and the increase in molal 
heat capacity (ACp) are related to the e.u.f. of the cell process by the 
relations: 
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- (^), - MS). 


( 5 ) 


( 6 ) 


It can be shown that if is plotted (17) against 1/7’ the slope of the curve 
at any point is a measure of the magnitude of (— Ah) corresponding to the 



Fig. 3 

Scale of ordinates reading from left to right refers to cell IV (50 per cent alcohol), 
cell IV (33 per cent alcohol), and cell I (water). 

temperature and composition of the solvent at that point. Similarly, the 
curvature is a measure of the value of ACp for the cell process. 
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If W IT is plotted against 1/r, the slope is directly related to —Ah 
and the curvature directly to Ac,. 

The values of for cells I and IV are thus plotted in figure 3, from which 
it is evident that with increasing alcohol content —Ah decreases and 
ACp becomes less negative, i.e., it increases. 

To facilitate the numerical computation of these quantities we have 
expressed E for the different cell processes at 0.01 M cadmium sulfate as 
polynomials of the third degree in terms of t°C. : 

E ^ A + Bt + Ct^ + Dt* (7) 

using the experimental values of the e.m.p. at 0®, 10°, 20°, and 30°C. To 
test the reliability of the derived equation, the computed values of E for 


TABLE 6 

Interaction activity coefficients of cadmium sulfate at 25°C. 


M 

/* (33 PER CENT EtOH) 

/«(H,0) 


0 001 

0.363 

0 698 

0.285 

0 002 

0 238 

0.606 

0.406 

0.004 

0.154 

0.496 

0.507 

0 006 

0.122 

0.443 

0 560 

0.008 

0.104 

0.408 

0.594 

0.010 

0.092 

0 382 

0 619 


TABLE 6a 


Coefficients X 10^ for equations 10 and 11 


CELL PBOCB88 

A 

B 

C 

D 

I (0 per cent, M = 0.01 ) 

14651 

19.9833 

-1.46 

0 015167 

Ill (Independent of solvent) 

96051 

16 8000 

0.0 

0.0 

IV (33.3 per cent, M = 0.01) 

8475 

13 8667 

-0.56 

0 003333 

IV (50 per cent, M « 0.01) 

6374 

3 8333 

-0.38 

0 002667 


the two temperatures, 15° and 25°C., were compared with the experi- 
mental values. The calculated and experimental values checked in all 
cases within ±0.02 mv. The empirical equation may accordingly be relied 
upon to give the correct derivatives within the limits of accuracy of the data. 
Such a check is not obtained if a second degree equation is employed. The 
coefficients of equation 7 are given in table 6a. 

Ah and ACp, calculated by substituting the proper analytical expressions 
of the derivatives of equation 7 in equations 5 and 6 are given in table 7 
for 15°C., for which temperature the higher derivatives should be most 

reliable. Column 5 for is included to preserve consistency with the 
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experimental values of E at the various temperatures, but no claim is made 
for accuracy since this quantity depends upon the third derivative d^E/dT^. 

Since Parks and LaMer (22) have measured the e.m.f. and its tempera- 
ture derivatives of the cell for which the process is 

Cd(S) = Cd (two-phase amalgam) V 

Ah and ACp for the process 

Cd(S) + Hg 2 S 04 = CdS 04 (Af, a per cent EtOH) + 2Hg VI 
were computed by the relation VI = II + V. 


TABLE 7 

Summary of results for 16 ^C. ( 288 , 1 *^K) in calories 


PROCEB8 

PER 

CENT 

EtOH 

— Ah 

AC;> 

dACp 

ST 

III Pb (satd.Hg) -h Hg 2 S 04 (S) » PbS 04 -h 2Hg 


42,208 

0 

0 

IV Cd (satd.Hg) -f PbSO^ « CdS 04 (0.01 M) -f j 
Pb (satd.Hg) j 

0 0 
33.3 
50 0 

8,577 

4,045 

3,670 

-207 

-109 

-69 

11 4 

2 3 

2 2 

VI Cd(S) + H(?2804(S) = CdS04(0.01 A/) + 2Hg | 

0. 

33 3 
50 0 

56,041 

51,509 

51,134 

-220 

-122 

-82 

17 4 

8 3 

7 8 

VII Cd(S) + PbS04(S) =■ CdSO4(0,0l M) + j 

Pb (satd.Hg) I 

0. 

33 3 
50 0 

13,833 

9,301 

8,926 

Same as proc- 
ess VI 


In a similar way the same quantities for process VII, involving solid 
cadmium instead of the two-phase amalgam, can be computed from the 
relation VII = IV + V, 

HEAT CONTENTS AND HEAT CAPACITIES OF DILUTION 
The values^ for 

Ah = h(0.01 M, a per cent EtOH) — h (0.01 M, H 2 O) 

and 

ACp (0.01 M) :»= Cp (0.01 M, a per cent EtOH) — Cp (0.01 JIf , H 2 O) 

arising from the transfer of a mole of cadmium sulfate from a 0.01 molal 
solution in water to a 0.01 molal solution in 33.3 and 50 per cent ethyl 

* The partial molal quantities, designated by the bar, always refer to the solute. 
The customary subscript 2 has been omitted as unnecessary in this paper. 
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alcohol are given in table 8 for the temperatures 10®, 16®, and 20®C. The 
values of E (0.01 M) and c, (0.01 M) are tabulated for the different tem- 
peratures in table 9. E is defined by the equation 

Z — H (0.01 M, a per cent EtOH) — h® (M = 0, HjO) 

Cp = Ac, (VI) -I- Cp(Cd) + Cp(HgsS 04 ) - 2Cp(Hg) 

using the values as given in the International Critical Tables for solid 
cadmium, mercurous sulfate, and liquid mercury. The values for £ 
(0.01 M) and c, (0.01 M) for cadmium sulfate in water (22) are also 
listed for comparison. Table 9 shows that Cp (0.01 M) for cadmium sul- 
fate is very nearly a linear function of the weight per cent of alcohol. 


TABLE 8 

Values of AS and Acp 


a PSB CENT 

EtOH 

Ah s> ii (0.01 Af, a per cent EtOH) — 

H (0.01 Af , HjO) 

Acp - Cn (0.01 Af , a PERCENT EtOH) ~ 

Cp (0 01 Af, HjO) 


10*C. 

15‘*C. 

20*C 

10*C 

15*C 

20*C. 

33 

3931 

4532 

4906 

143 

98 

52 

50 

4073 

4907 

5446 

185 

138 

89 


TABLE 9 
Values of L and c. 


a PER GENT 

EtOH 

L » H (0.01 Af , a PER CENT EtOH) — 

H« (Af * 0, HjO) for CdS04 

Cp (0.01 Af , o 

per CENT EtOH) FOB CdS04 


10"C. 

15*C. 

20*C 

lO'C. 

16-C. 

20"C. 

0.0 

526 

621 

752 

-280 

-195 

-106 

33.3 

4457 

5153 

5658 

-137 

-98 

-54 

50 0 

4599 

5528 

6198 

-95 

-58 

-17 


In order to obtain an estimate of the probable error in these values, 0.02 
mv., which was the average deviation of the experimental results, was 
added to or subtracted from the measurements, and new values calculated. 
In the case of the heat content, it was found that the maximum error was 
obtained if the 0.02 mv. was alternately added to and subtracted from the 
measurements. This amounted to ±1.3 per cent (±62 cal.). In the case 
of the heat capacity, the maximum error was obtained if the 0.02 mv. was 
added to the first measurement and subtracted from the third. This 
amounted to ±2.4 per cent (±2.6 cal. pCT degree). The probable error in 
L may be twice as large as the error in Ah of transfer, since it involves the 
subtraction of one Ah from another. The error In Cp may also be twice as 
large as the error in ACp, as it is necessary to add the change in the heat 
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capacity involved in the transfer of a mole of solid cadmium from the solid 
state to a two-phase amalgam to ACp from process II. The heat capacities 
of the solids, cadmium and mercurous sulfates, and that of liquid mercury 
are accurate to about 0.1 cal. per degree. 

Henderson and Stegeman (13) measured the e.m.f. of cell III at 18°, 25°, 
and 30°C. From their empirical second-degree equation one would 
expect that ACp (III) = 10.5 cal. per degree. Although our measurements 
upon the same cell at 0°, 12.5°, 25°, 37.5®, and 50°C. yield a value of Ah 
(III) at 18°C. which checks their value within 0.2 per cent (69 cal.), we 
find d^E/dT^ (see table 7) to be equal to zero. Consequently, ACp (III) 
should be zero. This prediction can be checked, using the calorimetric 
heat capacity data for the respective solids given in International Critical 
Tables, Vol. V, pp. 85-97. The calorimetric data require ACp (III) equal 
to 0.1 cal. This agreement furnishes further evidence that the changes 
in heat capacity in chemical processes may be accurately calculated from 
precise e.m.f. measurements, provided the data extend over a wide range 
of temperature and an empirical equation of sufficient power for accurate 
representation is employed. 

These data show that for 15°C. the molal heat of dilution in water of 
0.01 M cadmium sulfate is 621 cal., whereas the heat effect involved in 
transferring one mole of cadmium sulfate at 0.01 molal from 33 per cent 
alcohol to water is 4532 cal., i.e., the thermal effect of interaction in water 
is about 12 per cent of that of transfer, which is essentially a pure solvent 
effect. 

Perhaps the most striking result of this investigation is the almost linear 
increase (i.e., to less negative values) which the partial heat capacity of the 
salt undergoes on the addition of alcohol. The large negative values for 
Cp which salts exhibit in water is ascribed by Zwicky (27) to compression 
of the solvent in the neighborhood of the ion and to a loss in degrees of 
freedom of the solvent as result of electrostriction. In a solvent of lower 
dipole moment such effects are less and hence a less negative value of Cp 
is observed. 

summary 

1. e.m.f. measurements are reported for the cell: 

Cd (two-phase amalgam), CdS04 (Af, a per cent EtOH), Hg2S04(S), 
Hg for M = 0.01 in 33.3 and 50 per cent ethyl alcohol at 0°, 10°, 15°, 20°, 
25°, and 30°C.; as a function of M in 33.3 per cent alcohol at 25°C. ; and for 
Af = 0.01 in 15 per cent alcohol at 26°C. 

The cell: Pb (two-phase amalgam), PbS04(S), Hg2S04(S), Hg has been 
measured at 12.5°C.-intervals over the range 0° to 50°C. 

2. The partial heat contents, and the partial heat capacities of cadmium 
sulfate have been calculated in the alcoholic solutions for comparison with 
the corresponding aqueous solutions. 
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3. The total medium effect for 0.01 molal cadmium sulfate in 15, 33.3, 
and 60 per cent alcohol, and the solvent and interaction medium effects in 
33.3 per cent alcohol, have been evaluated. The results have been con- 
sidered in the light of the Bom transfer equation and the extended form of 
the Debye-Htickel interaction theory. 

4. The value of r, the mean ionic radius of the cadmium and sulfate 
ions as calculated from the Bom equation, is in fair agreement with the 
value of a, the distance of closest approach of two ions, calculated by 
means of the extended theory of Debye and HiickeL 
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Crockford and Brawley (1) have determined the solubility of lead sulfate 
in aqueous sulfuric acid solution up to 80 per cent acid at 0°, 25°, 35°, and 
50°C, Donk (2) has made a systematic study of the same system up to 
approximately 100 per cent acid at 0°, 50°, 100°, 150°, and 200°C. His 
work was concerned principally with the composition of the solid phases 
and his actual solubility data are quite meager, in some cases being com- 
pletely lacking. A complete discussion of the relationships in the binary 
system sulfuric acid-water is given by Mellor (3). 

The purpose of the work reported in this paper was to add to the data of 
the ternary system, particularly at the higher acid concentrations. To 
this end solubility data have been determined at acid concentrations up to 
approximately 104 per cent sulfuric acid, corresponding to 80.5 per cent 
sulfur trioxide, at 0°, 25°, 35°, and 50°C. The eutectic temperature in the 
binary system lead sulfate-sulfuric acid has also been determined. 

EXPERIMENTAL 

The usual procedure employed for solubility measurements was fol- 
lowed. Various mixtures were allowed to come to equilibrium in glass- 
stoppered bottles, properly agitated in constant temperature baths. The 
temperatures were constant to dz0.02°C. at the three higher temperatures. 
For the 0°C. isotherm the temperature was never over 0.1°C. Equilibrium 
was rapidly attained in those cases in w^hich lead sulfate was the only solid 
phase. When sulfuric acid or one of its hydrates was a solid phase, con- 
siderable trouble from supercooling w^as experienced. 

The materials employed were prepared and purified according to the 
methods used by Crockford and Brawley (1). The analytical procedures 
were likewise the same. 

The compositions of the solid phases were obtained by the method of 
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intersecting tie-linee. For the determination of the lead sulfate-sulfuric 
acid eutectic temperature, the usual cooling curve method was used. 

DATA AND CONCLUSIONS 

The data obtained for the 25®, 35°, and 50°C. isotherms were plotted 
on large coordinate paper and the best curve drawn through the points. 
The concentrations given in table 1 are taken from these curves. It was 

TABLE 1 


Solubility of lead sulfate in aqueous sulfuric acid at tS", SB”, and SO^C. 


CONOBNTHATION OF ACID 
IN WUQST PBB OBKT 

LOAD BUX:rATB» IN lIXLLIQBAllS PBB 1000 G. OF 80LT7T10N, AT 

M*C. 

36“C. 

M“C. 

80 

11.5 

24.0 

42.0 

85 

60.0 

100. 

130. 

90 

200 

318 

380 

95 

800 

1,060 

1,260 

100 

18,000 

22,000 

27,600 

101 

31,000 

36,000 

42,000 

102 

47,000 

52,000 

56,000 

103 

63,000 

68,000 

72,000 


TABLE 2 

Data for the O^C. isotherm 


NO. 

ACID CONCBNTBA- 
TXON IN WEIGHT 
PBB CENT 

LEAD SULFATE IN 
MO. PER 1000 G. 

OF SOLUTION 

SOLID PHASES 

1 

77.48 

4 2 

Lead sulfate 

2 

79.10 

8 6 

Lead sulfate and sulfuric acid 

3 

89 44 

42.0 

monohydrate 

Lead sulfate and sulfuric acid 

4 

91.69 

272 

monohydrate 

Lead sulfate 

5 

94.03 

680 

Lead sulfate 

6 

96.52 

2200 

Lead sulfate 

7 

97.08 

3000 

Lead sulfate and sulfuric acid 


not thought worthwhile to give the data for the wet residues. The results 
agree with those of Donk, in that lead sulfate is the only solid phase at 
these temperatures. 

In table 2 are given the data for the 0®C. isotherm as actually determined. 
No solutions exist above 97.08 per cent. 

The lead sulfate-sulfuric acid eutectic temperature was found to be 
6.4°a 

If all the data avaQable on the ternary system are plotted it is found that 











SOLUBILITY OF LEAD SULFATE 


305 


lead sulfate exists as the only solid phase over the major part of the dia- 
gram. On the lead sulfate-water side of the diagram the binary eutectic 
is of course at practically 0°C. On the lead sulfate-sulfuric acid side is the 
one eutectic whose temperature is given above. On the sulfuric acid- 
water side are found three hydrates of sulfuric acid. Two of these have 
definite melting points. Only the monohydrate exists above 0°C. Within 
the diagram will be four ternary eutectics, all of which will occur very 
close to the sides of the diagram. 

The 0®C. isotherm shows the existence of five solubility curves. On two 
of these the solid phase is lead sulfate; on two others it is the monohydrate 
of sulfuric acid; on the other it is anhydrous sulfuric acid. The values of 
the acid concentrations at the intersections of these curves (solutions 2, 3, 
and 7), are essentially the same as the values given by Donk. 

SUMMARY 

The solubility of lead sulfate in various solutions of sulfuric acid at con- 
centrations above 80 per cent and at 0°, 25°, 35°, and 50°C. has been 
determined. 

The solid phase at 25°, 35°, and 50°C. is always lead sulfate. At 0°C. 
sulfuric acid and sulfuric acid monohydrate also exist as solids 
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INTRODUCTION 

If coneoritrated sulfuric acid be electrolyzed with a direct current of 
high current density and a potential difference of, for instance, 100 volts, 
using electrodes of noble metals, such as gold, platinum, or palladium, 
after some time there will suddenly be observed in the liquid a dark color, 
which seems to proceed from the anode. It was thought that this phenom- 
enon might be ascribed to the formation of a colloidal solution of palladous 
sulfide. In order to test this assumption, experiments were carried out 
wdiich soon proved its exactness. Kxi)eriments were then performed in 
order to find out whether other substances are colloidally dispersed in 
sulfuric acid and in other concentrated electrolytes. 

EXPERIMENTAL 

L Concentrated sulfuric acid as a dispersion medium 
a. Colloidal sulfides 

The palladium sulfide sol may be prepared as follows: A solution of about 
200 mg. of palladous sulfate in 1 liter of commercial concentrated sulfuric 
acid (about 96 per cent) is heated to about 100°C., after which 100 to 200 
mg. of flowers of sulfur is added. On stirring the liquid, a darkening is soon 
observed. After cooling, the sol is filtered through a gkvss filter to remove 
small quantities of coarser particles. 

The sol formation may be represented by the following reaction: 

PdS04 + 2S PdS + 2 SO 2 

The particle size has been determined by the usual ultramicroscopic 
method. If the particle is supjiosed cubic, the edge of the cube is found 
to be 97 mfi. This number is, without doubt, too high, owing to the 
polydispersity of the sol. 

The sol may remain stable for several weeks. Finally little flakes arc 
formed, which adhere to one another and at last sink to the bottom. This 
flocculate exhibits a remarkable behavior. On shaking the flakes dis- 

^ This paper is part of a thesis presented at the University of Amsterdam. 
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appear, and the original sol is restored completely. After a few days the 
flakes appear again, but can be dispersed anew by shaking. The same 
behavior is exhibited on centrifuging. The flakes appear on the bottom 
of the vessel, but disperse at once on shaking. The velocity of flocculation 
increases on heating, but the reversibility of the flocculate is not influenced. 
An ‘‘aging*' phenomenon of the flocculate could not be observed; more than 
a year later the reversibility of the flakes was unchanged. The reversible 
flocculation is clearly different from a reversible sedimentation, as in the 
latter case the particles only sink to the bottom, while in the former case 
little visible flakes are formed throughout the liquid, which constantly 
grow and at last sink to the bottom. 

On diluting the sol with water, an irreversible coagulate immediately 
appears. 

The gold and platinum sulfide sols can be prepared in the same way and 
have practically the same properties. The silver sulfide sol is formed by 
mixing a solution of silver sulfate in the concentrated acid with a sol of 
sulfur in the same liquid (see below). At a temperature of about 40® to 
50®C. the sol formation is observed, but at 60® to 70®C. the particles dis- 
solve completely in the dispersion medium. When electrolyzing concen- 
trated sulfuric acid with silver electrodes Andr4 (1) observed a brownish 
liquid, which he mistook for a silver sol. As a matter of fact a silver sulfide 
sol had been formed. 


b. Colloidal metals 

Colloidal metals may be prepared by reducing the dilute solutions of the 
salts in sulfuric acid with reducing agents such as a concentrated, freshly 
prepared solution of white phosphorus in ether or in carbon disulfide. The 
palladium sol is formed at room temperature, while sols of platinum and 
gold result on heating to 30® to 40®C. Reduction can also be accomplished 
with hydrogen at a higher temperature, but the resultant sols are less 
stable, owing to secondary coagulation. The palladium sol is a dark 
brown stable sol, which does not flocculate on heating. On dilution of the 
sol with water an immediate flocculation ensues. The influence of dilution 
on the stability of the sol is shown in table 1. Upon dilution with alcohol 
the sol does not coagulate, but dissolves slowly in the course of a few days. 

Ultramicroscopic examination shows a fairly good monodisperse sol with 
slowly moving particles. The particle size has been determined for several 
specimens. Usually the value of the length of the edge of the supposed 
cubic particle is found to be between 30 and 40 m/x. 

Different colors are exhibited by the gold sols, from red to yellow, brown- 
ish, and blue, apparently owing to slight modifications in the manner of 
preparation. The most stable are the red sols, which can be prepared by 
reducing at the lowest possible temperature, while immediate cooling after 
the beginning of the reduction is necessary. 
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The particle size of a gold sol has been determined by the ultramicor- 
scopic method; the length of the edge of the supposed cubic particles is 
found to be 44.5 m/x. 

The gold sols are less stable than the palladium sols and generally floccu- 
late within a week. On heating the sols, the color changes from blue to red 
and yellow, and finally the sols become almost colorless. Observations 
of the Tyndall effect, wfliich becomes more intense, prove that the sol 
flocculates. 

The platinum sol is a brownish-black sol, the properties of which are 
practically the same as those of the gold sol. 

c. Colloidal silver halides 

A silver chloride sol is formed on mixing a solution of 2 or 3 milliequiva- 
lents of silver sulfate in sulfuric acid with an equivalent quantity of hydro- 
chloric acid. It is a white opalescent liquid, which resembles a silver 


TABLE 1 

Influence of dilution on the stability of the sol 


NO 

COMPOSITION OP THR MKDICM 

CONDITION OF THE SOL 

Sulfuric acid 

Water 


cc 

cc. 


1 

25 

i ^ 

Stable 

2 

20 

5 

Flocculation in one day 

3 

15 

10 

Flocculation in a few hours 

4 

10 

15 

Instant flocculation 

5 

5 

20 

Instant flocculation 


chloride sol in water. After a few days the sol flocculates. The stability 
is not influenced if exactly equivalent quantities of silver sulfate and 
hydrochloric acid be mixed, or if one of these components be slightly in 
excess of the other. 

The silver bromide and silver iodide sols are formed when a halide is 
added to an excess of a silver sulfate solution in sulfuric acid. In this case 
the formation of the silver halides takes place much more rapidly than the 
decomposition of the hydrobromic and hydrochloric acids. The colloidal 
silver bromide is whitish-yellow, the silver iodide yellow, in color. The 
halide sols in sulfuric acid flocculate on dilution with water and have 
practically the same properties. 

d. Colloidal sulfur 

The sulfur sol may be prepared by adding a drop of a concentrated solu- 
tion of sodium sulfide to concentrated sulfuric acid, while stirring the liquid 
steadily. The sol formation is due to decomposition of the polysulfide 
which is always present in sodium sulfide. The slow decomposition of the 
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hydrogen sulfide thus formed causes a gradual increase in the sol concen* 
tration. 


e. Colloidal organic substances 

If an organic substance be brought into contact with concentrated sul- 
furic acid, it is carbonised in many cases, while the acid is colored brown 
to black. Ultramicroscopic examinations show that a sol has been formed. 

If a drop of a dilute sucrose solution be mixed with sulfuric acid and the 
mixture be kept at 150®C. for some time, a dark brown sol results, which 
shows a number of intensely light-scattering, slowly moving particles. On 
dilution with water, the sol flocculates. The analysis of the flakes gave 
the following results: C = 64.73 per cent, H = 3.18 per cent, no ash. 
Sulfur was detected only qualitatively. It is evident that the dispersed 
phase is a sulfurated product of sucrose. 

Sabbatini (4) prepared a sol in water (which he mistook for a carbon sol) 
by pouring the reaction product of sucrose and sulfuric acid into water and 
dialyzing. As a matter of fact the original solution in sulfuric acid was 
already a colloidal system. 


f. Colloidal carbon 

A carbon sol may be obtained by electrolyzing sulfuric acid with carbon 
electrodes, using a direct or alternating current with a potential difference 
of 100 volts. To remove the coarser particles the sol is filtered through a 
glass filter. The sol is stable for some time, but on dilution with water it 
flocculates immediately. 


Other dispersion media 
a. Phosphoric acid 

Colloidal sulfides may be obtained by passing hydrogen sulfide through a 
dilute solution of salts of the respective metals in commercial concentrated 
phosphoric acid, which contains about 89 per cent of the acid, while other 
sols are prepared as in the sulfuric acid medium and generally show the 
same properties. 

A different behavior is exhibited by the silver halide sols, which show 
nearly the same stability if the quantities of silver and halide be exactly 
equivalent or if a slight excess of halide be present, but which are much 
more stable if silver be slightly in excess. 

The results of a determination of the particle size of a gold sulfide (AU 2 S 8 ) 
sol gave a value of 67 m/4 for the length of the edge of a supposed cubic 
particle. 

All these sols flocculate on dilution with water and in several cases with 
organic liquids, as is shown in tables 2 and 3 for a gold sulfide sol. 
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b. Saturated salt solutions as dispersion media 

Generally all saturated solutions of very souble salts have a stabilizing 
action on colloids, but there are only a few salts of which the saturated 
solution has been found to be a medium for stabler colloids, for instance, 
saturated solutions of the acetates of potassium and ammonium, or the 
chlorides of calcium and magnesium. A more extensive study has been 
made of the potassium acetate and calcium chloride solutions, which can 
be media for several stable metal, sulfide, and other sols. In most cases the 
sols can be stabilized by very small quantities of gelatin. On dilution, as 
well as on dialysis, stabilized and non-stabilized sols flocculate. 


TABLE 2 

Effect of dilution with water on a gold sulfide sol 


NO 

COMPOSITION OF THE DISPERSION MEDIUM 

CONDITION Ol- THE SOL 

Phosphoric acid 

Water 


cc. 

cc 


1 

25 

0 

Stable 

2 

20 

5 

Flocculates slowly 

3 

15 

10 

Flocculates more quickly 

4 

10 

15 

Instant flocculation 

5 

5 

20 

Instant flocculation 



TABLE 3 


Effect of dilution with alcohol on a 

gold sulfide sol 

i 

NO. 

COMPOSITION OP THE DISPERSION MEDIUM 

CONDITION OP THE SOL 



! 

Phosphoric acid 

Alcohol 



cc 

cc. 


1 

25 

0 

Stable 

2 

20 

5 

Flocculates slowly 

3 


10 

Flocculates more quickly 

4 J 

10 

15 

Instant flocculation 

r» 

5 

20 

Instant flocculation 


3. Physical properties 
a. Conductivity 

The concentrated electrolyte solutions which have been used as disper- 
sion media have a very high conductivity as compared with ordinary sols. 
The specific conductivity of sols in water or in organic media seldom 
exceeds a value K = 3 X 10~^ Table 4 shows the specific conductivity 
of the different media. 
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b. Electrokinetic potential 

The usual methods for the determination of the electrokinetic potential 
of the particles cannot be applied, owing to the high conductivity of the 
medium. In a few cases it was possible to overcome this difficulty, making 
use of the property of sulfuric acid that mixtures of it with other substances 
sometimes have a low conductivity. A solution of sulfur trioxide in sul- 
furic acid has been made, containing about 65.1 per cent free sulfur trioxide, 
which has a very low conductivity. Cataphoresis has been carried out 
with a palladium sulfide sol in this medium in a specially modified Burton 
apparatus. No movement whatever of the boundary could be detected. 
The same phenomenon has been observed with a palladium sol in a mixture 
of about equal volumes of sulfuric acid and glacial acetic acid. 


TABLE 4 

Specific conductivity of the different media 

MEDIA 


Xu* X l(H 


Sulfuric acid, 96 per cent 

Phosphoric acid, 87 per cent. 
Calcium chloride, saturated. . 
Potassium acetate, saturated 


940 

710 

950 

520 


TABLE 5 

Relative viscosity of the dispersion media 

MEDIA 

RELATIVE VI8COB1TY 

AT 25“C 
WATER => 1 

Sulfuric acid, 96 per cent 

20.4 

Phosphoric acid, 89 per cent 

Calcium chloride, solution saturated at room temperature 

Potassium acetate, solution saturated at room temperature 

55.2 

5.89 

11.91 

6 15 

Phosphoric acid, 44.5 per cent 



c. Relative viscosity 

The relative viscosity of these sols has been determined with a viscosim- 
eter of the Jones-Veazy type (3) in a thermostat at 25°C. No difference 
in the viscosity of the sols and the dispersion media could be detected. 

DISCUSSION 

According to the current views, the stability of a sol is ascribed to a 
potential difference between the particle and the medium or to a solvation 
of the particle. As neither a movement in the Burton apparatus nor a 
high relative viscosity could be detected, both of these explanations seemed 
to be out of the question. It might be supposed that the particles are dis- 
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charged by the electrolyte, but that the very great viscosity of the disper- 
sion medium is the cause of an extremely slow flocculation and therefore 
of the apparent stability of the sol. Inspection of table 5 shows at once, 
however, that this assumption is not correct. The maximum viscosity 
reaches the value 55.2, in relation to water, but the proportion between the 
stability of sols in concentrated phosphoric acid and in dilute aqueous 
solution is much higher, since the time necessary for flocculation is in the 
latter case measured in seconds and minutes, but in the former in days and 
weeks. Other observations lead to the same conclusion. A sol in phos- 
phoric acid which has been diluted to twice its volume is flocculated 
within a short time, yet the table shows that the viscosity of this medium 
is higher than the viscosity of a saturated solution of calcium chloride, 
which can be a medium for a stable sol. A red gold sol can be made in a 
concentrated solution of sucrose, which has a high viscosity. Yet a small 
quantity of electrolyte turns the color from red to blue within a short 
time. In this case the high viscosity does not stabilize. 

On the other hand it must be considered that, owing to the very small 
concentration of the sols, their relative viscosity wdll, according to Ein- 
stein’s law (2), not differ from unity by an observable amount, even if a 
larger quantity of solvent should adhere to the particle. 

Again, the phenomenon of reversible flocculation may be brought for- 
w^ard, which is in some respects analogous to the reversible isothennal sol- 
gel transformation usually called thixotropy. This phenomenon is 
exhibited by some colloids which have a more or less lyophilic character, 
such as the ferric oxide sol, the vanadium pentoxide sol, etc., and is ex- 
plained by assuming a very weak bond between the particles which are 
surrounded by layers of adhering liquid. Now in this case the concentra- 
tion of the colloid is so high that all the liquid is enclosed wdthin the large 
gel complex, and the free dispersion medium has completely disappeared. 
However, this behavior may also be exhibited by a dilute colloid. In this 
case the quantity of liquid is too large to be totally enclosed, but solvated 
flakes are formed, the thixotropy of w^hich is show^n by a total dispersion on 
shaking. This phenomenon has been observed by H. Werner (5), who 
studied a suspension of Bolus alba. This clay suspension flocculated after 
some time, but the flakes, which were covered by a liquid layer, could be 
dispersed by shaking. 

This picture is quite identical wdth the reversible flocculation exhibited 
by the palladium sulfide sol in sulfuric acid and by other sols mentioned in 
the experimental part. It is therefore assumed that the particles of these 
sols, which show thixotropy in dilute solution, arc covered by a layer of 
adhering liquid medium and possess in some degree lyophilic properties. 

The conception of thixotropy will have to be extended and defined as a 
reversible isothermal transition from a sol to a conglomerate, while, more- 
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over, the latter may equally well be a gel as a flocculate. This point of 
view can be proved by the observation that some colloids show thixotropy 
in concentrated solution, but reversible flocculation when diluted. This 
typical behavior is clearly shown by bentonite. 

In accordance with this hypothesis it may be assumed that in concen- 
trated salt solutions an adsorption of the salt will ensue. The hydration 
of the adsorbed salt will hydrate the particle, which therefore will be 
stabilized. This hypothesis is supported by the observation that, in gen- 
eral, the more hydrated the ions of the salt are, the higher is the stability 
of the colloidal systems. 

The protective action of proteins is explained by a hydration which 
stabilizes the particle. Thus the hydrating action of the salt in concen- 
trated solution can be partially supplied by gelatin. Now it is clear that 
with small concentrations of electrolytes more gelatin will be needed to 
stabilize the colloids if the salt concentration is increased, while in concen- 
trated salt solutions the reverse is true. In the former case the hydrating 
gelatin is necessary to obtain the minimum stability, which is decreased 
by the action of the electrolytes; in the latter case the hydration of the 
adsorbed salt acts as a substitute for the hydration of the protein. 

CONCLUSION 

From this study it may be concluded that the influence of electrolytes 
on colloids is more complicated than was formerly thought. A hydro- 
phobic sol which is perfectly free of electrolytes is generally unstable, as a 
small quantity of electrolyte is necessary to form the double layer. This 
quantity is stabilizing. A somewhat larger quantity produces flocculation. 
Finally a very high concentration of electrolytes has again a stabilizing 
influence. In general, a colloidal system, according to the electrolyte 
concentration, has two stable and two unstable zones. 

SUMMARY 

1. A colloidal solution may be stable in solutions of concentrated electro- 
lytes. 

2. Methods of preparation have been described for sols of metals, sul- 
fides, silver halides, sulfur, carbon, etc. in dispersion media such as concen- 
trated sulfuric acid and phosphoric acid and saturated solutions of salts, 
such as calcium chloride and potassium acetate. 

3. Sols in solutions of concentrated electrolytes do not show any electro- 
kinetic potential difference, nor an increase in relative viscosity. 

4. Some colloids in concentrated electrolytes exhibit thixotropy. 

6. The hypothesis that the stability of colloidal systems in concentrated 
electrolytes is caused by solvation is supported by several arguments. 
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INTRODUCTION 

This investigation was undertaken in order to study the effect of nitrates 
of certain uni- and bi-valent metals on the solubility and activity coeffi- 
cients of a bi-univalent salt, and to compare observed results with those 
computed on the basis of modern theories of electrolyte solutions. For 
this purpose the solubility of lead bromate was determined at 25®C. in 
aqueous solutions of various concentrations of the nitrates of sodium, 
potassium, lithium, calcium, strontium, and lead. 

W. Bottger (1) determined the solubility of lead bromate in water and 
found it to be 13,37 g. (0.0289 mole) per liter of solution at 19.96®C. 
From conductance data he calculates that the saturated solution is 72 
per cent ionized. We find the solubility of lead bromate in water at 25®C. 
to be 0.03437 mole per liter. The density of this saturated solution is 
1 . 0112 . 


MATERIALS AND PROCEDURE 

Water. The solutions were prepared with ^Conductivity” water which 
was obtained by the distillation of distilled water over sodium hydroxide 
and potassium permanganate in a tin-lined vessel. 

Lea<I bromate. The lead bromate was prepared by the following 
method: A solution of sodium bromate heated to 30®C. was added to a 
solution of lead nitrate at the same temperature with constant stirring. 
The lead bromate was allowed to settle, and the solution was cooled. The 
supernatant liquid was then decanted, and the lead bromate was washed 
several times by decantation, filtered, and washed again on the filter. The 
lead bromate was then washed thoroughly with pure 95 per cent alcohol 
and absolute ether and dried in a vacuum desiccator over magnesium 
perchlorate at room temperature. Attempts to dry the lead bromate by 
heating resulted in decomposition as described by Rammelsberg (5). 

^ This paper gives the essential portions of the thesis presented by E. J. Hoffman 
in June, 1035, to the Graduate Faculty of the University of Minnesota in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 
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Niirates. The nitrates were of the best quality available. They were 
crjrstallized once and sometimes twice from conductivity water. They 
were then dehydrated thoroughly. 

Sodium thiosulfate solution. The sodium thiosulfate solution used for 
analysis was prepared by the method of Watson (6). 

Preparation of solutions. Conductivity water was added by means of 
an accurately calibrated pipet (100-cc. capacity) to glass-stoppered bottles 
containing previously weighed quantities of the nitrate and an excess of 
lead bromate. All weighings were corrected for buoyancy. A heavy 
coat of paraffin was applied to the stoppers of the bottles after the solu- 
tions were prepared, and the bottles were then mechanically rotated in 
a water-bath at 25.00 d= 0.05“C. for several hours until equilibrium was 
established. 

Method of analysis. After equilibrium had been established, the bottles 
were removed from the rotator and, still immersed almost completely, 
were held stationary in the water-bath to allow the excess lead bromate to 
settle. The clear solution was then drawn off by means of vacuum into 
an Erlenmeyer flask almost completely immersed in the water-bath (4). 
A small plug of absorbent cotton was placed in the end of the delivery 
tube to prevent the passage of any solid particles of lead bromate during 
the transfer of the solution from the bottle to the flask. Four 10-cc. 
samples of the solution were withdrawn from the flask by means of an 
accurately calibrated pipet and transferred to previously weighed weigh- 
ing bottles. These samples were then accurately weighed in order to 
determine the densities of the solutions. These solutions were then 
washed into 500-cc. glass-stoppered Erlenmeyer flasks containing a solu- 
tion of potassium iodide acidified with hydrochloric acid, and were titrated 
with 0.3 M sodium thiosulfate prepared by the method described above. 
A 0.2 per cent starch solution, containing 0.1 per cent salicylic acid as 
preservative, was used as indicator. Analysis of each concentration of 
nitrate solution was thus run in quadruplicate. It was possible from a 
knowledge of the weight of each constituent of the solution and the density 
to determine the concentrations as molality, molarity, or mole fraction. 

BXFlDBlMllNTAIi RESULTS 

Tables 1 to 6 list the solubilities at 25'’C. of lead bromate in aqueous 
solutions of the nitrates at various concentrations. We denote in general 
the molality and molarity of a solute in a solution by m and c, respectively. 
The normalized mole-fraction, £, of Pb"^"*" is calculated on the assumption 
of complete ionization of the dissolved salts. Normalized mole-fraction 
(4) is equal to the mole-fraction mxiltiplied by the factor 56.61. The ionic 
strength, S, given in these tables is calculated on the basis of complete 
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TABLE 1 

Solubility f equilibrium constants {Ki and and activity coefficients of lead br ornate 
in the presence of potassium nitrate at 


KNOa 

d 

BATU- 

KATED 

SOLUTION 

Pb(BrO,)2 

Pb(BrOa)2 

A 

a 

K, 


f 

f 

7 - 

0. 

1.0112 

0.03437 

0 03447 


0.4660 

0 01980 

0.574 

0.365 

0.364 

0.04383 

1.0156 

0 03924 

0 03938 

0 6348 

0.5222 

0 01975 

0.471 

0.320 

0.318 

0.09934 

1 0181 

0 04378 

0.04405 

0.5720 

0.5610 

0 01987 

0.406 

0.286 

0.284 

0.1956 

1 0286 

0.05104 i 

0.05129 

0.5650 

0.6162 

0.01985 

0.330 

0.245 

0.243 

0.2950 

1.0378 

0.05798 

0 05828 

0.5400 

0 6569 

0 01987 

0 280 

0 216 

0.213 

0.3901 

1.0456 

0.06396 

0.06434 

0.5313 

0 6878 

0.01983 

0.246 

0.196 

0.192 

0.4857 

1.0547 

0.07003 

0.07042 

0 4481 

0.7129 

0 01983 

0 220 

0 179 

0 175 

0.5784 

1.0608 

0.07577 

0 07636 

0.4522 

0 7330 

0 01986 

0 200 

0 165 

0 161 

0.7671 

1.0776 

0 08734 

0 08805 

0.5886 

0 7662 

0 01987 

0 169 

0.143 

0.138 

0 9339 

1 0906 

0 09818 

0.09921 

0.4587 






1 1850 

1.1127 

0.1134 

0.1146 

0 4181 

Av. = 

0 01984 




1 4419 

1.1327 

0 1293 

0 1293 

1 0 4363 





■ - 

1.8314 

1.1664 

0 1550 

0.1576 

0 4058 

A * 0.30; Aj = 0.01452; xo 

* 

2 0352 

1.1833 

0 1685 

0.1717 

0 3845 

\ 0.02441 ; ao * 0.3120 


2 2469 

1.2011 

0 1782 

0 1815 

0 3973 






2.4449 

1.2161 

0 1799 

0 1830 j 

0 4164 






2 6423 

1.2220 

0 1732 

0.1769 

i 







TABLE 2 


Solubility f equilibrium constants (Ki and K^)y and activity coefficients of lead hromate 
in the presence of sodium nitrate at 25'^C. 


1 

NaNOa 

d 

8ATU- j 
BATED 
BOLUTION 

c 

Pb(BrOa)t 

Pb^BrOa)* 

A 

a 


f, 

r 

7* 

0. 

1 0112 

0.03437 

0 03447 


1 

0 4610 i 

0.01992 

0 581 

0 365 

0 364 

0 04833 

1.0141 

0 03884 

0 03900 

0 7294 

0.5137 

0 01988 

0 483 

0 323 

0.321 

0.1013 

1 0184 

0.04317 

0 04335 

0.6789 

0 5523 

0.01995 

0 418 

0 290 

0 289 

0.1991 

1 0266 

0.04984 

0 04997 

0.6483 

0 6036 

0 01997 

0 345 

0.252 

0.249 

0 2963 

1.0334 

0 05580 

0 05602 

0 6329 

0 6397 

0 02003 

0 299 

0.2251 

0 222 

0.3938 

1 0424 

0 06144 

0 06157 

0 6143 

0.6683 

0 02006 

0 265 

0.204 

0.201 

0 4892 

1.0465 

0.06430 

0 06454 

0.6585 

0 6959 

0 01959 

0 241 

0.195j 

0.191 

0.5874 

1.0564 

0.07112 

0.07122 

0 6003 

0 7121 

0 01998 

0 220 

0 177 

0 172 

0 7776 

1.0697 

0.08024 

0 08033 

0 4830 

0 7430 

0 01997 

0 189 

0 157 

0 152 

0.9655 

1.0837 

0.08899 

0.08899 

0.5709 

0 7667 

0 01996 

0 168 

0.141 

0 136 

1.1970 

1.1000 

0.09967 

0 09962 

0.5535 


: 




1 .4241 

i 1.1158 

0.1098 

0.1097 

0.5406 

Av. - 

0 01993 




1 8655 

j 1 1460 

0.1295 

0.1292 

0.5050 






2.2921 

1.1754 

0.1487 

0.1484 

0 5009 

A = 0.385; K, - 0.01453; fo 


2.6860 

1 2010 

0.1651 

0.1648 

0.4911 

0.02456; ao 

=* 0.3110 


3 4672 

1.2530 

0.1990 

0.1986 

0.4725 






4.8546 

1.3378 

i 0.2536 

0.2546 

0.4546 






6.0912 

1.4172 

0.3026 

0.3041 

0.4420 






7.1770 

1.4824 

0.3416 

0.3446 

0.5327 
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TABLE 8 

Solubility f equilibrium constants (Ki and Kt), and activity coefficients of lead hromate 
in the presence of lithium nitrate at 


UNOi 

d 

»ATU* 

RATXD 

SOLUTION 

Pb(Br04)t 

Pb(BrOi)* 

A 

a 


/f 


7* 

0. 

1.0112 

0.03437 

0.03447 


0.4542 

0.02007 

0.590 

0.365 

0.364 

0.04025 

1.0135 

0.03849 

0.03864 

0.8663 

0.5043 

0.02001 

0.496 

0.326 

0.325 

0.09873 

1.0158 

0.04224 

0.04244 

0.7837 

0.5369 

0.02014 

0.438 

0.297 

0.295 

0.2049 

1.0244 

0.04874 

0.04886 

0.7643 

0.5870 

0.02021 

0.363 

0.258 

0.255 

0.3012 

1.0293 

0.05365 

0.05379 

0.7500 

0.6192 

0.02025 

0.320 

0.234 

0.231 

0.3933 

1.0348 

0.05800 

0.05812 

0.7366 

0.6434 

0.02029 

0.290 

0.217 

0.213 

0.4929 

1.0399 

0.06206 

0.06217 

0.7333 

0.6655 

0.02026 

0.266 

0.202 

0.198 

0.5815 

1.0446 

0.06517 

0.06525 

0.7373 

0.6828 

0.02015 

0.248 

0.193 

0.188 

0.7751 

1.0549 

0.07225 

0.07226 

0.7226 

0.7117 

0.02014 

0.218 

0.174 

0.169 

0.9644 

1.0649 

0.07867 

0.07849 

0.7102 






1.4259 

1.0880 

0.09337 

0.09310 

0.6814 

Av. « 

0.02017 




1.8680 

1.1084 

0.1061 

0.1057 

0.6623 






2.3032 

1.1302 

0.1190 

0.1184 

0.6412 

A - 0.60; Ki - 0.01453; to 


2.7213 

1.1507 

0.1310 

0.1300 

0.6257 

0.02498; ao 

« 0.3079 


3.5192 

1.1887 

0.1534 

0.1518 

0.5919 






4.9703 

1.2562 

0.1930 

0.1904 

0.5685 







TABLE 4 

Solubility of lead hromate in the presence of strontium nitrate at Values of a and 

A calculated for saturated solutions of lead hromate in the presence 
of strontium nitrate 


Sr(NOa)> 

d 

BATURATISD 

SOLUTION 

Pb(BrOa)j 

Pb(BrOa)8 

A 

cx 

A* 

0. 

1.0112 

0.03437 

0.03447 




0.005566 

1.0117 

0.03581 

0.03595 

0.8342 

0.476 

0.478 

0.01031 

1.0129 

0.03702 

0.03717 

0.8929 

0.490 


0.01958 

1.0144 

0.03893 

0.03911 

0.9257 

0.511 

0.518 

0.05020 

1.0226 

0.04455 

0.04471 

0.8892 

0.563 

0.530 

0.09944 

1.0332 

0.05180 

0.05199 

0.8441 

0.617 

0.529 

0.1975 

1.0548 

0.06339 

0.06354 

0.7972 

0.680 

0.530 

0.2949 

1.0741 

0.07301 

0.07318 

0.7676 

mmm 

0.529 

0.3903 

1.0933 

0.08177 

0.08191 

0.7427 

mSSM 

0.525 

0.4856 

1.1107 

0.08939 

0.08961 

0.7281 

0.768 

0.525 

0.5804 

1.1301 

0.09739 

0.09750 

0.7092 

0.785 

0.520 

0.7614 

1.1627 

0.1110 

0.1113 

0.6842 

0.811 

0.514 

0.9446 

1.1971 

0.1249 

0.1253 

0.6608 

0.831 

0.505 

1.3742 

1.2748 

0.1535 

0.1542 

0.6297 

0.862 

0.495 

1.7789 

1.3438 

0.1765 

0.1781 

0.6127 

0.880 

0.480 

2.1599 

1.4084 

0.1955 

0.1979 

0.6031 



2.5197 

1.4668 

0.2105 

0.2140 

0.5980 



2.8704 

1.5261 

0.2228 

0.2267 

0.5976 




* Calculated from equations 24 and 25. 
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TABLE 5 


Solubility of lead bromate in the presence of calcium nitrate at Values of a and 

A calculated for saturated solutions of lead bromate in the presence 
of calcium nitrate 


Ca(NOi)t 

d 

BATURATBO 

SOLUTION 

Pb(BrOa )2 

Pb(Br03)i 

A 

a 

A* 

0. 

1.0112 

0 03437 

0.03447 




0.006271 

1.0099 

0.03565 

0 03584 

1 2263 

0.475 

0 541 

0.01116 

1 0117 

0 03640 

0 03656 

1 4195 

0.483 

0 636 

0.02156 

1.0135 

0 03921 

0 03941 

0.9.559 

0.514 

0.533 

0.05162 

1 .0195 

0.04298 

0 04314 

1.1.370 

0.549 

0 676 

0 1215 

1 0313 

0 05387 

0.05409 

0 8693 

0 630 

0 556 

0.1975 

1 0425 

0.06202 

0 06231 

0 8353 

0 674 

0.558 

0 3352 

1 0643 

0 07497 

0 07522 

0 7874 

0.726 

0 551 

0 4920 

1.0869 

0 08769 

0 08808 

0 7513 

0 764 

0 544 

0 5764 

1 0997 

0 09473 

0 09496 

0 7318 

0.780 

0 537 

0 7780 

1.1283 

0.1105 

0.1108 

0 6945 

0.810 

0 522 

0 9524 

1.1457 

0 1194 

0 1204 

0 6908 

0 825 

0 528 

1 3805 

1 2090 

0 1435 

0 1437 

0 6753 

0 852 

0 527 

1 7872 

1 2607 

0.1647 

0 1653 

0 6502 



2 1719 

1 3074 

0 1813 

0 1823 ‘ 

0.6408 



2 5361 

1 3489 

0 1944 

0.1963 

0 6354 



3.1950 

1 4215 ! 

0 2118 

0.2154 

0 6347 




* Calculated from equations 24 and 25. 


TABLE 6 


Solubility of lead bromate in the presence of lead nitrate at B5^C, 


Pb(NOi)i 

d 

SATURATED 

SOLUTION 

Pb(BrOj)j 

4 

Pb{BrOa)3 

4 

A 

0, 

1.0112 

0.03437 

0.03437 

0 03447 

0 03447 


0.004947 

1.0104 

0.03371 

0 03529 

0 03388 

0.03546 

0.8167 

0.009921 

1 0118 

0 03332 

0.03635 

0.03348 

0.03651 

0 7564 

0.01990 

1.0132 

0 03258 

0.03819 

0.03277 

0.03841 

0.7697 

0.04981 

1.0219 

0 03161 

0 04333 

0 03176 

0 04354 

0.7707 

0.09940 

1 0356 

0 03145 

0.05058 

0 03160 

0 05083 

0 7533 

0.1978 

1.0643 

0.03264 

0 06262 

0 03318 

0 06366 

0 6973 

0.2955 

1.0936 

0.03457 

0 07333 

0.03465 

0 07352 

0 6942 

0.3882 

1.1120 

0 03657 

0 08283 

0 03697 

0 08372 

0 6603 

0.4871 

1.1480 

0.03876 

0,09245 

0 03887 

0 09272 

0 6501 

0.5804 

1.1735 

0 04102 

0.1015 

0 04119 

0 1017 

0 6330 

0.7672 

1.2290 

0.04572 1 

0 01193 

0 04583 

0.1196 

0.6027 

0.9470 

1.2786 

0.05046 

0.1364 

0 05069 

0.1371 

0 5770 

1.1663 

1.3402 

0 05613 

0.1568 

0 05648 

0.1577 

0.5544 

1.3807 

1.4011 

0.06183 

0.1767 

0 06226 

0.1779 

0.5397 
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ionization of the dissolved salts. The ionic strength is defined by the 
equation 

5 = iSciZ* (1) 


where c,- is the molar concentration and z< is the valence of an ion of the 
»*•» kind. 

It will be observed that in general the solubility of lead bromate increases 
with increasing concentration of added nitrate. In the presence, however, 
of lead nitrate, the solubility of the bromate diminishes to a minimum and 
then increases. The data obtained with lead nitrate as added salt can be 
best compared with those found with other salts by means of the quantity 


where L, is the ionic product of lead bromate, i.e., 
L. = [Pb++] [BrOIl* 


( 2 ) 


calculated on the assumption of complete ionization. When the added 
salt has no ion in common with lead bromate, it is readily seen that 

= [Pb++] = c = IPb(BrO,)»] (3) 

When the added salt is lead nitrate of concentration c.. 




(4) 


We have accordingly included in table 6 the values of 



which are seen 


to increase in the normal way with increasing ionic strength of the solution. 

The solubility data are represented graphically in figure 1. It will be 
seen that, at a given ionic strength, the increase in the solubility (or solu- 
bility product, Le) due to added nitrate diminishes in the order, potassium 
nitrate, sodium nitrate, lead nitrate, lithium nitrate, strontium nitrate, 
calcium nitrate. 

The solubility data obtained were used to test the applicability of the 
Etebye-Hiickel (2) equation, which becomes for a bi-univalent salt in 
aqueous solution at 25“C., 


-log / = bg f - log *0 


1.009S* 

1 -l-diS* 

1.0{)9/S‘ 

1 + 0.3283 X 10»aS» 


(5) 


In this equation f o is the normalized activity and £ is the normalized mole- 
fracti<m of lead ion (or of bromate ion) for an ionic strength 8, and a is the 
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mean ionic diameter parameter. It is seen that xo may be looked on as the 
value of X (the normalized mole-fraction of in a saturated solution of 
lead bromate) extrapolated to a value of S = 0. This extrapolated value 
of X is equal to mo and approximately equal to co, the extrapolated values 



0 Q5 U) 15 ^0 3^ 


Fig. 1. Solubility of lead bromate in the presence of electrolytes. I, KNOj; 

II, NsNO*; III, PbCNOj)*; Ilia, values of for lead nitrate solutions; IV, 

4 

LiNO,; V, Sr(NO,)i; VI, Ca(NO,) 2 . 

of the molality and molarity, respectively, of a saturated solution of lead 
bromate. 

The two unknowns, xo and A (or a), can be calculated by means of equa- 
tion 5 from two sets of corresponding values of x and S. In each case the 
values of x and S for lead bromate in pure water were combined successively 
with the corresponding values of these quantities for solutions containing 
increasing concentrations of added nitrate. If, for a given added electro- 
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l3rte, a fairly constant series of values of A (or of Xo) is obtained, especially 
for the more dilute solutions, we may conclude that the postulates of the 
Debye theory are satisfied. These include the assumption that the elec- 
trolytes dealt with are virtually completely ionized. 

In column 6 of tables 1 to 6 and in column 7 of table 6 are given the values 
of A and calculated in the manner described for each series of solutions. 
It will be observed that in each case the values of A are far from being 
constant. There is a marked decrease in A with increasing ionic strength. 
We can conclude, therefore, that, if we postulate that lead bromate and the 
added salts are completely ionized, equation 5 is not applicable to aqueous 
solutions of lead bromate in the presence or absence of other electrolytes. 
We shall examine later the consequences that follow from the assumption 
that, in saturated solutions, lead bromate is only partially ionized. 

THE HtJCKEL EQUATION 

In an extension of the Debye and Hiickel treatment, E. Hiickel (3) took 
into account a possible variation of the dielectric constant of a solution with 
the concentration of the dissolved substances. The equation he derived, 
as applied to the present problem, may be written, 

logi = los£o + Y^^^ + CS (6) 

where C is a constant. For our purpose we may consider equation 6 to be 
an interpolation formula. The constants of the equation, xo. A, and C, can 
be found by the solution of three simultaneous equations of the form 6, 
using the corresponding values of x and S. The usefulness of equation 6 
can then be tested by calculating values of x for various values of S and 
comparing the calculated with the observed values. We shall omit the 
details of these calculations, which showed that equation 6 can reproduce 
with a fair degree of accuracy our experimental results. We give in table 
7 the appropriate values of the constants of the Hiickel equation. 

INCOMPLETE IONIZATION OF TERNARY ELECTROLYTES 

Since the Debye-Httckel equation has been found to be applicable to 
aqueous solutions of numerous simple electrolytes up to an ionic strength 
of at least unity, the question arises whether the failure in the present case 
is apparent rather than real. Now the Debye-Hiickel equation has been 
applied to the solubility data of lead bromate on the assumption that all 
the salts concerned are completely ionized. This assumption was made in 
calculating the ionic strength S and the concentration of Pb^*^ or of BrOj 
in any solution. 

Befening to the data given in any of the tables from 1 to 6, we see that 
the calculated value of A decreases with increasing concentration of added 
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nitrate. This result may be expressed in the statement that the solubility 
of lead bromate iricreases more rapidly with increasing concentration of 
added electrolyte than would be predicted by the Debye-Huckel equation, 
using a value of A obtained from solutions of low ionic strength. In 
other words, the effective activity coefficient of lead bromate decreases 
more rapidly with increasing concentration of added salt than the theory 
predicts. The assumption that the added nitrate is only partially ionized 
will not, by itself, account for this behavior; in fact, if the added nitrate in 
the more concentrated solutions is ionized to a smaller degree than we have 
supposed, the solubility of lead bromate should increase less, instead of 
more, rapidly with increasing concentration of the added salt. 

Let us suppose, however, that lead bromate in solution is either incom- 
pletely ionized or that it exists in the form of the ions PbBrOt , Pb^"^, and 
Br07. It will be recalled that, in calculating A of equation 5, two solu- 
tions are compared, one containing only lead bromate and water, the 


TABLE 7 

Values of the Huckel constants for lead bromate in aqueous solutions of various nitrates 


fiOLrTION 

A 

*0 

c 

Pb(BrO,)r-KNO, 

0 8158 

0 01860 

0 1116 

Pb(BrO«) 2 -NaNO, I 

0 8143 1 

0 01876 

0 07132 

Pb(BrOs)i-LiNO, | 

0 8638 

0 01904 

0 04084 

Pb(BrO,) 2 -Sr(N 03 ).i | 

1 0564 

0 01948 

0 05906 

Pb(Br0,)2-Ca(N03)2 j 

1 1041 

0 01961 

0 05624 

Pb(Br0,)2-Pb{N03)2 

0 9215 

0 01910 

0 06225 


second containing in addition some soluble nitrate. If we assume that the 
dissolved lead bromate us not entirely in the form of Pb*^"^ and BrOj 
ions, the ionic stnaigths of the two solutions referred to will, of course, be 
less than the values calculated on the basis of complete ionization, but it is 
readily seen that the decrease in the calculated ionic strength due to our 
new assumption of incomplete ionization of lead bromate will be relatively 
greater for the first than for the second solution. Hence it follows that as 
we go from a solution of lead bromate only to solutions containing in addi- 
tion a soluble nitrate, the activity coefficient of any ion present will decrease 
more rapidly than if we assume complete ionization. This is qualitatively 
in agreement with the observed behavior. To simplify to some extent 
the treatment of the problem, we make the following assumptions: 

(a) Lead bromate in aqueous solution ionizes in two stages, as given by 
the scheme, 

1. Pb(Br08)2(s) Pb(Br 03)2 PbBrO^ + Br07 (7) 

II. PbBrOt Pb + Br07 (8) 
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(b) The ionization according to the first stage is analogous to the ioniza- 

tion of a uni-univalent salt. We assume therefore that the ioniza- 
tion of leadbromate into PbErOj and BrOa is virtually complete. 

(c) We restrict our calculations at the present time to the case that the 

added nitrate is a uni-umvalent salt (e.g., potassium nitrate) which 
we assume to be completely ionized. 

(d) In solutions containing added nitrate, it is probable that a certain 

amount of the intermediate ion, PbNOt , will be formed. In this 
preliminary treatment we assume that the amount of PbNOt 
formed can be neglected. 

(e) We assume that the Debye-Hiickel equation is applicable to our 

solutions when the correct value of the ionic strength is used. It 
follows from this equation that in a given solution all ions having 
numerically equal charges have approximately equal activity 
coefficients and that the activity coefficient of a divalent ion is 
approximately equal to the fourth power of that of a univalent 
ion. We shall suppose that these relations are exact. 

MATHEMATICAL TREATMENT 

If c and c, are the analytically determined molarities of lead bromate and 
of added uni-univalent salt (e.g., potassium nitrate) and if a is the degree 
of dissociation of the intermediate ion, PbBrOt, according to equation 8, 
we find 


[Pb++] = ca 
[PbBrOt] = c(l - a) 

[BrOii = c(l + a) 

(K+J = [NO^] - c. 

The ionic strength, S, of the solution is given by the equation 


S = c(l -|- 2a) -f- c« (iO) 

Equations analogous to equation 9 may be written in terms of molalities 
instead of molarities. 

The actual, normalized mole-fraction of Pb^"+, ^Pb+f, is given by the 
equation 

_ 55,51ma 

^ 

Within at least one part in 3000, this expression may be replaced by 

55.51ma 

;gpb++ — 55 51 ^ 3^ ^ 2m, 


( 11 ) 
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on substituting 3 for the term (2 + a) in the denominator of the previous 
equation. Defining x (without subscript) by the equation 

- — 55.51m . . 

^ 55.51 + 2m, 

we may write 

f Pij+4 = xa 

^PbBrO,^^ = .f(l — Of) (13) 

^BrOr = :c(l + Of) 

The quantity x defined by equation 12 might be called the analytical 
(normalized) mole-fraction of lead bromate (or of lead ion). 

In connection with the equilibria given in equations 7 and 8, we define 
the constant Ki by the equation 


K\ = apb^-^alrOa- == /2/iU)*a(l -f aY (14) 


where fx and /2 are activity coefficients of univalent and divalent ions re- 
spectively. Since we assume /2 = /I, equation 14 becomes 


Kx - fUMl + a)^]* 

Similarly w(' define by the equation 

Upb+'«BrOr /2/1 - «(1 -f «) 
TVo == = X ~ 


UpbBrO,* 


1 - 


or 


(15) 


(16) 


K - f f «(1 + a ) 

1 — a 1 — a 

Since wo have at 25‘’C’., according to Debye and Hiickcl, 

, , 0.5045S‘ 

- -nnisi <*'> 

equations 15 and 16 may be WTitten (bearing equation 10 in mind), 

log = log ;c + I log [a(l + a)*] - V^il± (18) 

1 + A Veil + 2a) + c. 


log A, = log X + log 


a(l + «) _ 2.018 \/c(l + 2a) + c. 

1 - « 1 + ^ Veil + 2a) 4- c. 


(19) 


Of the four unknowns in equations 18 and 19, Ai and A* are constants for all 
solutions saturated with lead bromate, A is presumed to be a constant for a 
series of solutions containing a given added nitrate, and a varies from one 
solution to another even in a given series. 



328 


F. H. MACDOtTGAIili AND BVBRBTT J. HOFFMAN 


STOrCHlOMBTRIC ACTTyiTr COEFFICIENT OF LEAD BROMATB 

It is readily seen from equation 14 that the mean activity, a^, of lead 
bromate in a saturated solution of this salt is equal to K\. It follows that 
the atouMometric activity coeflficient, /*, of lead bromate in a saturated 
solution is given by the expression 


ft _ 

^ 4*x 4*i 


( 20 ) 


Similarly it can be shown that the stoichiometric activity coefficient, 7 *, 
referred to molalities is given by the equation 


• _ _ 


K, 


( 21 ) 


^ 4*»» 4*to 

On comparison of equations 14, 15, and 20, we find 

/• = (A/?)* = f\ (22) 

Only if a were equal to unity would/* be equal to (/a/?)* or/J. 


SOLUTION OF EQUATIONS 18 AND 19 

Equations 18 and 19 were solved by a laborious and time-consuming 
method of trial which we shall illustrate in the case of the solutions contain- 
ing potassiiun nitrate (see table 1). Two of these, that containing 0.09934 
N potassium nitrate (solution 1) and that containing 0.7671 N potassium 
nitrate (solution 2 ), were selected for study. Let and aa represent the 
values of a for solutions 1 and 2 respectively. First of all, some arbitrary 
value for A was selected. Then a value of on was assumed for solution 1. 
Anplication of equations 18 and 19 to solution 1 , using these values of A 
and ai, led to a value of Ki and a value of Kt. This value of Ki was then 
used for solution 2 and by means of equation 18 a value of os was derived. 
This value of o (2 substituted in equation 19 gave a value of Kt for solution 
2 . If this value of Kt did not agree with the value of Kt found from solu- 
tion 1 , a new value of ai was selected and the calculations were repeated 
until finally identical values of Kt were found for both solutions. 

Using this value of Kt, equation 19 was then applied to all the other 
solutions of the potassium nitrate series and a value of a was calculated for 
each solution. Application of equation 18, using the value of a so found, 
gave a value of Ki for each solution of the series. If the values of Ki 
found for the various solutions did not agree with those found for solutions 
1 and 2, a new value of the parameter A was selected and the whole process 
was repeated until finally practically identical values of Ki were calculated 
for all solutions of the series up to an ionic strength of about unity. 
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In this way we found for saturated solutions of lead bromate in the pres- 
ence of potassium nitrate, a value of A equal to 0.30, a value of K 2 equal to 
0.01452, and the remarkably consistent values of Ki (average = 0.01984) 
given in the seventh column of table 1. Similarly for sodium nitrate solu- 
tions, we found A = 0.385, K 2 = 0.01453, and an average value of Ki 
equal to 0.01993 (see table 2). For lithium nitrate solutions, we obtained 
A = 0.50, K 2 = 0.01453, and Ki (average) = 0.02017 (see table 3). The 
excellent agreement among the three independent determinations of both 
K\ and K 2 seems to offer considerable support to the views presented by 
the authors. 

The tables also contain values of a, the degree of ionization of PbBrOt, 
as well as values of/?, the latter calculated by means of the equation 


log/? 


Jog (A/D* = 


1.009 \/c(l + 2a) + c, 
1 + -4 -\/c(l + 2a;) + c. 


(23) 


The average value of K\ from the three series is 0.01998. Tables 1, 2, and 
3 contain values of the stoichiometric activity coeflScients, /• and 7% 
calculated by means of equations 20 and 21 using Ki = 0.01998. These 
equations can also be used to calculate the stoichiometric activity coeffi- 
cients for any of the solutions in tables 1 to 5. For the solutions listed in 
table 6, in which the added salt is lead nitrate, the stoichiometric activity 
coefficient,/*, is given by the relation: 



Similarly the value of 7* follows from the equation 



IDEAL SATURATED SOLUTION OP LEAD BROMATE 

Consider the h3q)othetical case of a saturated aqueous solution of lead 
bromate in which the ionic charges no longer make the ions non-ideal 
solutes; in other words, let us suppose that by some means or other the 
various molecular species present have unit activity-coefficients. In this 
ideal solution, let xo be the normaliaed mole-fraction of the lead bromate 
and let ao be the degree of ionization of the ion PbBrOt. It follows from 
equations 18 and 19 that 

log Ki = log Xo+ I log [ao(l + ao)^] 
log Ki = log Xo + log 
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From the accepted values of Ki and Kt, viz. 0.01998 and 0.01453, respec- 
tively, we readily calculate 


fo = 0.02465 
ao = 0.3103 


Values of £t and «o, derived from the values of Kt and Kt for each of the 
three series of solutions, are given in tables 1, 2, and 3. 


APPLICATION TO CALCroM NITRATE AND STRONTIUM NITRATE SOLUTIONS 

When the added salt is of the calcium nitrate type, we obtain, instead of 
equations 18 and 19, the expressions 


log Ki = log X + i log a(l + a)* 


1.009 Vc(l + 2a) + 3c. 
1 "b .4 \/'c(l "b 2fl() “b 3<^ 


log Kt = log X + log 

1 — a 


2.018 Vc(l + 2a) + 3c. 
1 -b 4 l c(l -b 2a) -b 3c, 


(24) 

(25) 


if we assume the added salt to be completely ionized. From equations 24 
and 25 we obtain 

2 log K, - log Kt -log£=\ log (26) 


Using the average values of Ki and Kt, viz. 0.01998 and 0.01453, obtained 
previously, we can apply equation 26 to each of the series of solutions (sec 
tables 4 and 5), and calculate for each solution the value of a. Substi- 
tuting this value of a in equation 24, we can determine the magnitude of 
the parameter A. The results obtained by these calculations appear in 
columns 6 and 7 of tables 4 and 5. We include here only solutions which 
contained an added nitrate. 

The values of .4 so calculated exhibit a remarkable degree of constancy 
if we except solutions 3 and 5 in the calcium nitrate series. An examination 
of a large scale plot of figure 1 shows that- for solution 5 the point which 
represents the solubility of lead bromate falls considerably below the best 
smooth curve through the experimental points; the same thing is observed 
to a slighter degree in the case of solution 3 (C. 0.01116). 

We were not so successful in dealing with the lead nitrate series except 
when the concentration of added lead nitrate was very s m a ll . When a 
large excess of lead nitrate is present, our results seem to indicate that not 
only does an appreciable fraction of the added lead ions combine with BrOj 
to form PbBrOs, but that a considerable amount of undissociated lead 
bromate is also formed. 
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SUMMARY 

1. We have determined the solubility at 25°C. of lead bromate in pure 
water and in the presence of potassium nitrate, sodium nitrate, lithium 
nitrate, calcium nitrate, strontium nitrate, and lead nitrate. 

2. The theory of Debye and Hiickel is not valid for these solutions if we 
assume that lead bromate exists in solution as Pb'^'^ and Br07 exclusively. 

3. We postulate that the ionization of lead bromate occurs in two stages 

(a) PbCBrOa)^^ PbBrOt + Br 07 

(b) PbBrOl Pb++ + BrOI 

Of these we assume that the first is virtually complete and that the second 
is incomplete. 

4. These assumptions, when incorporated into the equations of Debye 
and Hiickel, enabled us to determine certain equilibrium constants related 
to the reactions 


(a) Pb(Br 03 ) 2 (s) ^ PbBrOt + BrOj 

(b) PbBrOt Pb++ + Br07 

5. Consistent values of Ki and K 2 were found by a study of the potas- 
sium nitrate, sodium nitrate, and lithium nitrate solutions. Using these 
values of Ki and satisfactorily constant values of the parameter A were 
calculated for both the calcium nitrate and the strontium nitrate series. 

6. The stoichiometric activity coeflScient of lead bromate for any of the 
solutions listed can be easily calculated from the value of Ki, Other activ- 
ity coefficients arc given in the tables. 
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INTRODUCTION 

The purpose of this investigation was to determine the solubility of 
lanthanum in mercury from 0® to 50°C. The need for these data arose in 
the continuation of an investigation (17) of the theory of Debye and 
Hiickel (5) as extended by Gronwall, LaMer, and Sandved (9) for sym- 
metrical valence type electrolytes and by Gronwall, LaMer, and Greiflf 
(8) for the unsymmctrical t3^es. To test the predictions of the theory for 
the unsymmctrical high valence type electrolytes by emplojdng free 
energy measurements obtainable from suitable galvanic cells, lanthanum 
salts appear to be the most promising. The more common trivalent metal 
salts such as those of iron and aluminum are extensively hydrolyzed in 
aqueous solution and therefore undesirable for e.m.f. work. 

If the temperature coefficients of the electromotive force are also deter- 
mined, the partial and integral heats of dilution of the salt may be com- 
puted. It is therefore desirable to have the solubility of lanthanum in 
mercury over the temperature range to be studied. A heterogeneous 
amalgam is desirable, for then the electrode is easily reproducible without 
analysis. No data could be obtained in the literature concerning the 
solubility of lanthanum in mercury except the single statement of Muller 
(20) that amalgams containing only 1 atomic per cent lanthanum still 
showed a solid phase. A gravimetric rather than an electrometric method 
was employed, because even though Muller found a 1 per cent amalgam 
to be heterogeneous he did not approach a constant e.m.f. until he em- 
ployed an approximately 5 per cent amalgam. The discrepancy indicated 
by these observations will be investigated in future work. 

The composition of the solid phase in equilibrium with the amalgam at 
25®C. was investigated by chemical analysis. 

PREPARATION OP MATERIALS 

Mercury. Redistilled mercury was stirred under a dilute nitric acid- 
mercurous nitrate solution for three days. It was then redistilled three 

^ This paper is based upon a thesis submitted by Joseph L. Campanella to the 
Faculty of Rhode Island State College in partial fulfillment of the requirements for 
the degree of Master of Science in Chemistry, June, 1933. 
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times in a slow current of air as recommended by Hulett (12), and finally 
distilled once under high vacuum. 

Oxalic acid. The best grade of c.p. oxalic acid was recrs^tallized three 
times from distilled water, and the crystals were dried in air. 

Lanthanum, c.p. metallic lanthanum prepared by the electrolysis of 
the fused chloride was obtained. The metal was analyzed by precipitating 
the oxalate with oxalic acid and igniting to the oxide at 800-850‘’C. as 
recommended by Kolthoff and Elmquist (16). The average of two sepa- 
rate determinations showed 99.97 per cent lanthanum. The arc spectrum 
of this metal was examined in a quartz spectrograph in the laboratory of 
Professor W. A. Noyes, Jr., at Brown University and found to be excep- 
tionally pure, containing only a trace of iron and aluminum. No further 
purification was attempted on account of the difficulties involved. 

Absolute ethyl alcohol. Commercial 95 per cent alcohol was refiuxed for 
several hours with sufficient lime to remove 10 per cent water and then 
distilled, discarding the initial and final 200-cc. portions. The middle 
portion was again distilled from sufficient metallic sodium to remove an 
additional 5 per cent of water. Density determinations showed the alcohol 
thus prepared to be 99.89 per cent pure (14). 

Lanthanum bromide monohydrate. To a 10 per cent solution of lantha- 
num chloride which showed no absorption lines in the visible spectrum 
(the most likely impurities cerium, neodymium, and praseodymium all 
possess prominent absorption lines in the visible spectrum), an excess of a 
6 per cent solution of oxalic acid was added. The precipitated lanthanum 
oxalate was washed free from hydrochloric acid and ignited to the oxide in a 
large platinum dish. The oxide was dissolved in c.p. hydrobromic acid; 
on slow evaporation the solution furnished colorless crystals of hepta- 
hydrated lanthanum bromide. The monohydrate was prepared by long 
dehydration (ten to twelve days) of the more highly hydrated salt in vacuo 
at 90®C. The composition was checked by chemical analysis. The experi- 
mental and theoretical values for lanthanum checked to ±0.19 per cent. 
Temperatures above 90'*C. can not be employed because of the formation 
of insoluble basic compounds (16). 

Propylenediamine. Propylenediamine (70-75 per cent) was obtained 
from the Eastman Kodak Company for the determination of mercury by 
the method of Spacu and Spacu (25). 

EXPERIMENTAL PROCEDURE 

The high basicity of lanthanum makes the amalgam very reactive in air 
and water. This eliminates the electrolytic method of formation of both 
the metal and its amalgams in aqueous solutions. The amalgams have 
been prepared with a fair degree of success by the electrolysis of concen- 
trated solutions of LaBr8-H20, LaCU, or LaCU-HgO in absolute ethyl 
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alcohol (2, 15, 18). The amalgams employed in this investigation were 
prepared by two methods: (1) The necessary amounts of lanthanum and 
mercury to make 0.5 per cent, 1 per cent, 2 per cent, and 3 per cent amal- 
gams were weighed out separately and put into a fused quartz flask. The 
flask was evacuated, and then heated in an oil bath to approximately 200°C. 
for eight hours. The lanthanum had by this time disappeared, and a 
pasty two-phase amalgam resulted. The same phenomenon that Muller 
(20) reported with respect to the pasty solid phase was observed in all cases. 
However, this behavior seemed to have no effect on the composition of 
either the liquid or solid phase. (2) Electrolysis of a concentrated solution 
of LaBr 3 -H20 in absolute ethyl alcohol, as recommended by Audrieth and 
coworkers (2, 15, 18), was the second method employed. A solution of 9 g. 
of LaBrs • H 2 O in 25 cc. of absolute ethyl alcohol was used in a test tube type 
cell having a platinum contact sealed in the bottom. The mercury form- 
ing the cathode was slowly stirred by an air-tight stirrer. A current of 
0.2 of an ampere per square centimeter w as passed through the solution for 
twenty to twenty-four hours. The cell was cooled continuously by run- 
ning water. 

The heterogeneous amalgam prepared by either method was placed in a 
fused quartz flask (50-cc. capacity) and evacuated. The flask was placed 
in a water thermostat at 25 db 0.01°C. and shaken at intervals for several 
days. Aft(T reaching equilibrium, which was approached from both sides, 
the flask was opened and samples of the liquid phase withdrawn for anal- 
ysis by means of a special filter pipet. This pipet was a modified form of 
that used by Hulett and de Lury (13) in their work on cadmium amalgam. 
The details of this pipet are shown in figure 1. By means of a vacuum 
pump attached at B the amalgam was drawn into C through the tight 
plug of glass wool, A. The filtered amalgam was dropped into a small 
container and quickly closed for weighing. A supply of these pipets was 
kept in the thermostat so that they would be at the proper temperature. 
This method of separating the two phases is considered superior to filtering 
through chamois leather or sintered Jena glass crucibles, because it is more 
rapid. With lanthanum amalgams this is important on account of their 
rapid oxidation in air. Furthermore, Russell (24) found the use of chamois 
skin unreliable. 

After removing the samples at one temperature the next temperature 
level studied was set and the process repeated. For operating the thermo- 
stat at 12.5®C. a modified form of the apparatus recommended by Stier 
(26) was employed. For operation at 0®C. a bath of ice and water mush 
was used as described previously (17). The Beckman thermometers were 
checked at intervals against a standard thermometer recently certified by 
the Bureau of Standards. 

The analysis of the samples presented some difficulty on account of the 
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relatively amall amount of lanthanum and large amount of mercury pres- 
ent. None of the ordinary methods of quantitative analysis was found 
applicable, nor would hydrochloric acid react quantitatively with the 
amalgam in a special flask similar to that used by Hulett and de Lury (13). 
It was soon observed, as noted by other investigators (2, 16, 18, 20), that 
lanthanum, like aluminum, completely separates from the amalgam when 
left exposed to the air. The lanthanum separates as the greyish white 
hydroxide with some basic carbonate. Consequently after weighing the 
samples they were set aside in contact with the air for two weeks. To 
prevent the possible formation of a protective coating the samples were 
shaken at regular intervals. At the end of this time a measured quantity 
of 0.1 N hydrochloric acid was added to the amalgam, and after standing a 



Fio. 1. Filter pipet 

few minutes the excess acid determined by titration with standard carbon- 
ate-free sodium hydroxide, using phenol red as an indicator. The analytical 
weights and burets used were calibrated, and corrections were applied 
where necessary. It was found that under the conditions employed 
(approximately 0.1 AT hydrochloric acid) a negligible quantity of the mer- 
cury dissolved. It is interesting to note that the samples lost weight on 
striding the two weeks in spite of the increase in weight due to compound 
formation with the oxygen in the air. This was undoubtedly due to evap- 
oration of the mercury. This method of analysis has been found by 
Jukkola, Audrieth, and Hopkins (15) to check the gravimetric method of 
precipitation as the oxalate and ignition to the oxide. The solid phase in 
the amalgam at 25°C. was analyzed for both mercury and lanthanum. 
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After the amalgam reached equilibrium in the thermostat, the liquid and 
solid phases were quickly separated by filtering through a plug of glass 
wool. The lanthanum was determined by precipitating the oxalate with 
oxalic acid and igniting to the oxide. The quantity of mercury present in 
this case was much smaller, and its precipitation as the oxalate could be 

TABLE 1 


The solubility of lanthanum in mercury 


t 

WKIflHT PER CENT 
LANTHANUM 

AVERAGE 

ATOMIC PER CENT 
LANTHANUM 

•c. 

0 

0 00552 

0 00540 

0 00544 

0 00552 ± 0 00008 

0 00640 

12 5 

0 00558 

0 00566 

0 00899 i 

j 0 00909 

1 0 00913 

0 00907 =t 0 00006 

0 00934 

25 

1 

0 00902 

0 00916 

0 00952 

0 00949 

0 00965 

1 

0 00960 =1: 0 00006 

0 0133 

37 5 

! 

0 00965 

0 00967 

0 0134 

0 0139 

0 0138 

0 0134 db 0 0004 

0 0182 

50 

0 0126 

0 0133 

0 0179 

0 0190 

0 0178 

0 0184 dt 0 0005 

0 0246 


0 0185 

0 0189 

1 



prevented by hydrochloric acid. The mercury was determined in the 
filtrate from the oxalate precipitation by the method of Spacu and Spacu, 
using propylenediamine (25). 

RESULTS AND DISCUSSION 

The solubility of lanthanum in mercury is given in table 1 for the various 
temperatures studied. The results tabulated represent the average of at 



338 


W. OBOROS PARKS AND JOSEPH D. CAHPANBLDA 


least four separate analyses on individuid amalgams prepared by the 
methods previously described. The atomic per cent was calculated from 
the wdght per cent by the graphical method given by Olander (22) and 
checked by anal}rtical computation. The results in table 1 are shown 
graphically in figure 2, where the log of the atomic fraction is plotted against 
the reciprocal of the absolute temperature. The slope of the line was 
determined from a large scale plot and the line corresponds to the equation 

log = 0.4576 

where N 2 is the atomic fraction of lanthanum in the saturated amalgam. 

The agreement between the thermal and electrolytic amalgams was not 



as good as desired. The per cent of lanthanum in the electrolytic amal- 
gams was consistently higher than in the thermal amalgams . This dis- 
crepancy may be investigated by future work. Most of the amalgams here 
reported were prepared by the thermal method. 

The solubility of a sparingly soluble metal in mercury is clearly not 
likely to be a definite quantity. Some metals, like copper and manga- 
nese and unlike zinc, lead, or tin, are known to form aggregates not only 
widi themselves but also with mercury. It has been claimed that iron 
amalgams (4) and sodium amalgams (23) (up to 0.14 per cent sodium) are 
definitely colloidal in nature. However, in the case of liquid sodiiun 
amalgams, Bent (3) finds no evidence of a colloidal nature. The sizes of 
the particles in any amalgam may accordingly vary from atomic dimen- 
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sions upwards, and the quantity which passes through a filter would then 
depend upon the factors controlling the distribution of particle sizess and 
the diameter of the filter pores. Until the size of particles in mercury have 
been determined, the term “solubility'^ must have a limited meaning. A 
method other than filtration must be found for determining a homogeneous 
phase. This is particularly important with lanthanum amalgams on 
account of the peculiar pasty composition of all amalgams of low lantha- 
num content. The values reported at least fix the upper limit of the 
solubility. 

In the light of the relationship between the melting point of a metal and 
its solubility in mercury established by Tammann and Hinniiber (27) our 
results are not unreasonable. They find that for metals melting at from 
300® to 400®C. more than 1 per cent of the metal is soluble in mercury, and 
this decreases with increasing melting point. For metals melting around 
1000®C. (lanthanum melts at approximately 826®C.) the solubility is 0.1 
per cent and less. 

The low solubility of lanthanum in mercury, together with the general 
properties of its amalgams, leads us to the conclusion that amalgams of 
this metal arc unsuited for precise electromotive force measurements with- 
out considerable difficulty. The analysis of the amalgam can be eliminated 
by employing a two-phase system, but then a dropping electrode cannot 
be used and non-aqueous solvents are necessary on account of the activity 
of the amalgam. 

These data may be interpreted in terms of internal pressures and the 
solubility theory as described by Hildebrand (10). According to the 
theory, the insolubility of lanthanum and mercury in each other should 
follow from their position in the table of internal pressures. However, 
one cannot predict the existence of compounds from internal pressures, 
and oven though a large difference in internal pressures exists, insolubility 
cannot occur if compound formation takes place. 

There are many ways of estimating the internal pressures of metals, but 
we are handicapped in the case of lanthanum because the necessary physi- 
cal properties in the liquid state (such as coefficient of expansion and 
compressibility, surface tension, and heat of vaporization) are not known. 
If we adopt the method of Gilfillan and Bent (6) and divide the boiling 
point (19), although it is not accurately known, by the atomic volume (21), 
lanthanum is placed between bismuth and lead in the table as given by 
Hildebrand, Hogness, and Taylor (11). This position indicates a rather 
large difference in the internal pressure of mercury and of lanthanum 
(approximately 250 per cent increase) and is in accord with the insolubility 
found in this investigation. Furthermore, the solubility of lead in mercury 
has been determined by Gouy (7) and found to be 0.013 per cent by weight 
at 26®C. Andrews and Johnston (1) found the solubility of bismuth in 
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mercury to be very small. Lanthanum should be mutually soluble with 
lead and with bismuth. However, it should be remembered that this 
position for lanthanum is based on slightly inaccurate constants. 

The results of the analsrsis of the solid phase in the amalgam at 25°C. are 
summarized in table 2. In each case the value given is the average of two 
determinations made on four separately prepared amalgams. 

The empirical formula calculated for a compound having the above ratio 
of lanthanum to mercury is LasHgu. To determine whether this com- 
pound is a chemical individual, it is necessary to determine the composi- 
tion at various temperatures to see if the composition is constant and 
between what limits it exists. Since it is extremely difficult to separate 
completely the crystalline amalgam from adhering mother liquor, thereby 
making the analytical results uncertain, we did not attempt this problem 
at this time. 


TABLE 2 

Analysis of solid phase in lanthanum amalgam eU 


WEIGHT PEK CENT LANTHANUM 

WEIGHT PER CENT MERCURY 

11.00 dr 0 .12 

88 99 d= 0.08 


SUMMARY 

1. Lanthanum amalgams were prepared by direct heating of the metal 
with mercury and by the electrolysis of LaBr 3 -H 20 in absolute ethyl 
alcohol. 

2. The solubility of lanthanum in mercury is reported at 0“, 12.5®, 25®, 
37.5® and 50®C. 

3. In the temperature range from 0® to 50°C. the solubility is represented 
by the equation: 

logJV, = - 0.4575 

4. A brief discussion of the problems affecting the determination of the 
solubility of a sparingly soluble metal in mercury is given. 

5. The low solubility of lanthanum in mercury indicates that lanthanum 
has a rather high internal pressure, approximately the same as that of 
bismuth. 

6. From the general behavior of lanthanum amalgam we believe it un- 
suited for precise e.m.f. work without considerable difficulty. 
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As partial proof for the conclusions drawn in a previous paper (13), 
x-ray diagrams of natural fibers were compared with those of fibers syn- 
thesized from bacterial cellulose membranes. During the preparation of 
these ‘^S3aithetic fibers,’^ certain interesting observations regarding the 
plastic behavior of the crystallite suggested a further study of the type 
and degree relationship between deformation and orientation. It is the 
purpose of the present paper to describe briefly this extended investigation 
and especially to point out the significance of the results in that they 
appear to throw' additional light on the question raised in the earlier paper 
(13), namely, what is the nature of the crystallite? Further information 
in this comiection is not only of theoretical interest but also of practical 
importance, especially in the production of regenerated cellulose sheets 
and fibers. 

Aside from a study of the characteristics of cellulose fiber diagrams 
themselves — a critical review' of which has been given elsew'here (14) — 
one of the useful methods of investigating the configuration of the crystal- 
lite is to observe with x-rays its plastic behavior. Unfortunately, owing 
to the existence of a complex, ever varying, cylindrical cell w'all, harboring 
numerous non-cellulosic materials, it is extremely difficult to draw' definite 
conclusions w'hen the method is applied to natural fibers. Although 
bacterial cellulose membranes have little macroscopic resemblance to 
natural fibers, they offer a unique opportunity for studying certain funda- 
mental problems relating to the fine structure of natural cellulose for the 
follow'ing reasons: (1) they possess a well-formed, natural cellulose, 
crystalline structure; (2) they exist as a uniform membrane in a highly 
swollen or gel condition; (3) plastic flow can be readily produced in the 

* Presented before the Division of Cellulose Chemistry at the Eighty-ninth meet- 
ing of the American Chemical Society, held in New York City, April 22-26, 1935. 

• Senior Textile Foundation Fellow. Now Associate Cotton Technologist, Divi- 
sion of Cotton Marketing, Bureau of Agricultural Economics, S. Department of 
Agriculture, Washington, D. C. 
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natural membrane, while with natural fibers it is necessary to use a swell- 
ing agent first, — ^a process which usually changes the native to the mer- 
cerised crystalline form; and (4) the size of the membrane specimen allows 
a direct correlation of the x-ray and other data, while a bundle of natural 
fibers is necessary for a satisfactory x-ray diagram. These advantages 
first suggested themselves in the course of confirming with x-rays the 
chemical results of Hibbert and Barsha (3) regarding the identity of mem- 
brane and cotton cellulose. 

DESCRIPTION OF MEMBRANES 

Membranes prepared by bacterial action from solutions of sucrose, 
glucose, glycerol, fructose, galactose, and mannitol were used.® The 
method of preparing the membranes and a description of their properties 
may be found in the publications of Hibbert and coworkers (3, 6, 7, 17). 
In brief, the “membranes’^ are synthesized from sugar solutions by the 
bacterium Acetohacter xylinus in the presence of a nutrient medium. As 
deposited on the surface of the solution by the bacteria, the membranes 
are in a highly swollen or gel condition. They contain about 1 g. of 
cellulose to 100 g. of water, a large portion of which can be removed by 
mechanical pressure. The removal of this water, either by pressure or 
by drying, is an irreversible process, and the dried membranes are tough 
dense parchments, very resistant to the penetration of liquids. The mem- 
branes are chemically identical with cotton cellulose, as shown by the 
methylation, acetylation, acetolysis, and hydrolysis experiments of Barsha 
and Hibbert (3). 

Farr and Eckerson (5), from microscopic and microchemical studies, 
have recently found the membrane to consist of bacteria, and each bac- 
terium to be composed of a protoplast surrounded by a relatively thick 
cellulose layer, which in turn is coated with a thin layer of pectic sub- 
stance. They found the membrane to be built up of thin layers of these 
bacteria, and the uniform color obtained in polarized light (5) indicates 
directional arrangement of strands of bacteria in these thin layers. 

DEFINITION OF TYPES OF ORIENTATION 

In the majority of specimens examined there was more or less deviation 
from the preferred type of orientation present, but, owing to the large 
number of samples described, the orientation of each will not be repre- 
sented by distribution curves (16) or face pole diagrams (20). Instead, 
the preferred orientation of each sample discussed will be classified merely 
as one of the following types: 

Random orientation. The crystallites are arranged in all possible direc- 
tions, and the same random x-ray diagram is obtained with the sample 
at any angle to the x-ray beam. 

* These membranes were kindly furnished by Dr. Harold Hibbert. 



CRYSTALLITE ORIENTATION IN CELLULOSE FIBERS. II 


345 


UnipUinar orientation. The only limitation imposed is that the 6-axes 
(direction of cellulose chains) of the crystallites lie parallel to a plane. 
The crystallites lie at random in the plane and have all possible rotations 
around their 6-axes. With the plane perpendicular to the x-ray beam, 
the x-ray diagram is random with all lines present; if the plane is parallel, 
a fiber pattern is obtained with all lines present. 

Selective uniplanar orientation,^ The orientation is similar to a uni- 
planar orientation in that the 6-axes are parallel to and are arranged at 
random in a plane, but differs in that the (101) planes of the crystallite 
have a selective orientation parallel to the plane (usually the large surface 
of the specimen). With the x-ray beam perpendicular to the plane, a 
random oriented pattern is obtained with the (101) line missing and the 

I 


c 


SAnne me rime 

B C $ 




X-RAY mBBA/lS 

Fig. 1. Random orientation (see text for explanation) 

(lOl) present. With the beam parallel, the (101) line is present as a dense 
arc on the equator, while the (lOT) is present only as a faint arc on the 
meridian. 

Uniaxial orientation. The only limitation imposed is that the 6-axes 
of the crystallite have a preferred orientation parallel to the fiber a:ds. 
With the x-ray beam perpendicular to the fiber axis, the (101), (101), 
and (002) lines exist as intensity maxima at the equator, and their relative 
densities remain constant with rotation of the sample around the fiber 
axis as long as the fiber axis is perpendicular to the x-ray beam. If the 
x-ray beam is parallel to the fiber axis, a random pattern is obtained. 

Selective uniaxial orientation. The 6-axes of the crystallites are not 
only parallel to the fiber axis, but the (101) planes arc also parallel to a 

* Often referred to as a ring fiber structure. 
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plane containing the fiber axis — ^a combination of a uniaxial orientation 
and a selective uniplanar orientation (equivalent to a biaxial orientation 
for the cubic intern). With the x-ray beam perpendicular to the fiber 
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x-My ouiuufs 

Fio. 3. Selective uniplanar orientation (see text for explanation) 


axis, the (101), (lOl), or (002) lines may exist as intensity maxima on the 
equator, but the relative densities of these lines change if the sample is 
rotated at different angles around the fiber axis. For example, with the 
selective plane parallel to the x-ray beam, the (101) line will be present 
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and the (lOT) absent; with the beam normal to the plane the order is re- 
versed. If the fiber axis (also the plane) is parallel to the x-ray beam a 
fiber pattern is obtained. 



Fig. 4, Uniaxial orientation (see text for explanation) 
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y^nAY oiAmns 

Fig. 6. Selective uniaxial orientation (see text for explanation) 


Stereographic projections, or pole figures, representing the various types 
of orientation and their corresponding x-ray diagrams are illustrated 
diagrammatically in figures 1, 2, 3, 4, and 5. In the pole figures the 
dotted areas represent the projection of the 6-axes and the cross-hatched 
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areas the projection of the [101] directions. A, B, and C represent arbi- 
trary reference axes within the sample. In drawing the x-ray diagrams 
considerable deviation from the preferred t 3 rpe is assumed. 

STUDY OF MEMBRANES NOT MECHANICALLY DEFORMED 

Vndried membranes. Owing to the large amount of water present, it 
is impossible to study with x-rays the orientation of the cellulose as it 
exists in the swollen condition. The cellulose diffraction pattern, if pres- 
ent, is completely masked by the characteristic water haloes, and as the 
sample dries the water pattern is gradually replaced by the cellulose 
pattern. It is not indicated from the x-ray data, therefore, whether well- 
defined cellulose crystallites with a definite orientation exist in the swollen 
membrane, or whether they are formed during dr 3 dng. Microscopic 
observations in polarized light, however, indicate that the cellulose has 
a definite orientation within each bacterium and that the bacteria are 
arranged end-to-end to form long strands (5). 

Membranes dried in the form of an aerogel The possibility of using 
aerogels to study the structure and orientation of gels has been pointed 
out by S. S. Kistler, who kindly converted a section of the swollen mem- 
brane into an aerogel (8). The aerogel was examined with the beam 
perpendicular and also parallel to the plane of the membrane, and from 
each direction a crystalline cellulose pattern with a random orientation 
was obtained. If the aerogel is pressed into a sheet there is a tendency 
toward the formation of a selective uniplanar orientation. 

Assuming the aerogeling process not to disturb the crystallinity or 
orientation, the random crystalline x-ray pattern would seem to indicate 
that crystalline cellulose is deposited with the water held between the 
ciystallites (intermicellar). The random orientation which changes to a 
selective uniplanar orientation when the aerogel is pressed would suggest 
a honeycomb structure with a selective orientation in the cell walls of the 
structure. Microscopic examination reveals no visible honeycomb struc- 
ture, and it is possible that the cellulose walls of the bacteria and the space 
between the bacteria form the cell walls of the assumed honeycomb struc- 
ture. This assumption would be in harmony with the microscopic con- 
clusion that the cellulose has a definite orientation within each bacterium. 

Dried with plane of membrane parallel to a glass plate. If a large section 
of the membrane is allowed to dry with the flat surface resting on a hori- 
zontal glass plate, the dried sheet peeled off and subjected to x-ray anal- 
ysis, a selective uniplanar orientation is found, similar to that reported 
by Mark and Susich for '‘biosynthetische cellulose^ ^ (9). Representative 
diagrams with the x-ray beam perpendicular and parallel to the plane of 
the dried membrane are shown in figures 6a and 6b, respectively. If 
it is assumed that the original orientation in the swollen membrane per- 
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sists in the dried condition, we are led to conclude that the cellulose is 
deposited in the membrane with a selective uniplanar orientation more 
perfect than is possible from a honeycomb structure. It was noticed, 
however, that upon drying the membrane adheres to the glass plate and 
that shrinkage occurs only normal to the glass plate. For example, a 
swollen sheet about 0.5 cm. thick will shrink to about 0.0005 cm. (0.1 per 
cent of its original thickness), while the width and length remain practi- 
cally constant. That this unidirectional shrinkage apparently affects the 
orientation is shown by the following experiment. 

Dried with plane of membrane perpendicular to a glass plate. Several 
slices of the membrane were carefully prepared and placed side by side 
with the original plane of the membrane perpendicular to the glass surface. 
Again, as with the membrane parallel, shrinkage of about the same di- 
mensions occurred only normal to the glass and a selective uniplanar 
orientation was obtained. 

Samples were also dried with the plane of the membrane both perpen- 
dicular and parallel to a mercury surface. This procedure allowed the 
membrane to contact freely in all directions while drying, and in most 
cases an imperfect uniplanar orientation was obtained. In other samples, 
provided the ratio of top to edge surface was large enough to allow prac- 
tically all the water to leave from the top surface, a tendency toward a 
selective uniplanar orientation was found. However, for samples dried 
on mercury, the orientation was less perfect than for similar samples dried 
on glass, and the membrane had a tendency to wrinkle or pucker, which 
made the estimation of orientation difficult. 

Membrane dried nat in contact with surface. If a rod-like specimen of 
the membrane is allowed to dry in such a way that evaporation takes 
place equally in all directions normal to the strip, there is an approximately 
equal shrinkage in all directions and a resulting slight tendency toward a 
uniaxial orientation. However, when the sample is allowed to contract 
freely upon drying, puckering makes it difficult to estimate the orientation. 
In some cases the samples may be classified as having a random orien- 
tation. 

These results on drying would seem to indicate that the selective uni- 
planar orientation of a dried membrane is probably the result of stress 
produced by a unidirectional shrinkage resulting from the rapid removal 
of water from one direction only. It is well known that shrinkage is an 
anisotropic property with a maximum effect perpendicular to the 6-axis, 
but the present data would seem to indicate that the direction of shrinkage 
is still more specific, — it occurs principally normal to the (101) planes, or 
in the [101 ] direction. Evidently, a random orientation is the equilibrium 
state of the swollen membrane, and if a major shrinkage occurs in one 
direction upon drying the (101) planes assume a position normal to that 
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direction. Orientation and shrinkage appear to be two dependent vari- 
ables — ^the result of an anisotropic crystalline property — ^and if one is 
fixed the behavior of the other is limited. 

In the previous paper (13) it was pointed out that the selective orien- 
tation of dried bacterial cellulose sheets is suggestive of a general mecha- 
nism of selective cellulose deposition which mi^t be extrapolated to 
plant cell membranes, but the present results would seem to invalidate 
the suggestion. Owing to the more rigid condition of natural fibers, it 
is difficult to predict what influence shrinkage may have on their orienta- 
tion, but the present experiments would seem to infer that it is a factor 
which cannot be ignored, and that it may be in part responsible for the 
non-selective orientation found in spiral fibers (13), — a point which should 
bear further investigation. 

STUDY OF DEFORMED MEMBRANES 

If, instead of allowing the membrane to dry on a flat surface, it is 
stretched, compressed, or in some way deformed during drying, various 
orientation effects are produced. For stud3dng this relationship between 
deformation and orientation, specimens of the swollen membrane were 
carefully prepared, deformed in different wasre, allowed to dry, and sub- 
jected to x-ray anal}r8is at various angles and positions along the sample. 

Stretched membrane. The stretching was accomplished by suspending 
in a vertical position a strip of the swollen membrane and applying weights 
attached to the lower end. The amount of tension which could be safely 
applied without causing rupture was small at first, but became very great 
as the strip dried. Both broad flat strips and narrow rod-like strips were 
treated in this way. Stretching in one direction produces a uniaxial 
orientation which is most pronounced in the rod-like samples, gradually 
changing toward a selective uniaxial orientation as the strips are made 
more sheet-like. An x-ray pattern of a rod-like sample with the beam 
p^pendicular to the fiber axis is shown in figure 7. Its similarity to a 
cotton pattern is illustrated by a comparison of figures 7 and 8. 

BoUed membrane. One end of a flat strip was clamped to a glass plate 
and the strip rolled in one direction. This process tends to produce a 
selective uniaxial orientation, as Ulustrated in figure 9. 

Drawn membrane. For this experiment a set of standard diameter 
holes, used for determining wire gauges, sufficed for drawing dies. A 
tapered end of the membrane strip was started through the die, fastened 
to a clamp, and pulled through by applying weights to the clamp. Since 
twenty to forty minutes were often needed for the final passes, precaution 
was necessary to prevent too rapid drying of the sample. Drawing pro- 
duces a uniaxial orientation which becomes more perfect with progressive 
passes through the die. The tsnpe of fiber structure obtained by drawing 
is illustrated in figure 10. 
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Pressed membrane, A square section of a membrane was placed be- 
tween two glass plates and pressure applied. X-ray diagrams showed the 
sample to possess a selective uniplanar orientation, similar to that pro- 
duced by allowing a sheet to dry on a glass surface. 

Membrane dried with ends fixed, A rod-like strip of swollen membrane 
was stretched across the end of a beaker, the ends taped to the sides of the 
beaker, and the strip allowed to dry. The shrinkage accompanying dry- 
ing causes the strip to become very taut. X-ray diagrams show a uniaxial 
orientation, as illustrated in figure 11. 

Flat strips were prepared in the same way with the exception that the 
middle of the strip rested on a glass rod of 2-cm. diameter placed across 
the top of the beaker. This arrangement allowed the middle of the strip 
to be pressed against a smooth surface while under stress. Thus the sec- 
tion of the strip in contact with the glass rod is influenced by both a uni- 
directional shrinkage and a unidirectional tension acting at right angles to 
each other. The result was a selective uniaxial orientation for this portion 
of the strip, wiiile the part not in contact with the glass rod developed 
only a uniaxial orientation. 

The results on deformed membranes show that, in general, three types 
of orientation were produced. If the plastic flow takes place (a) with 
reference to an axis, a uniaxial orientation is obtained; (b) if with reference 
to a plane, a selective uniplanar orientation; or (c) if with reference to an 
axis and a plane, a selective uniaxial orientation. 

Microscopic study. In an effort to throw further light on the nature of 
the plastic flow% a microscopic study was made of the deformed mem- 
branes. From the swollen membranes, by means of suitable solvents (5), 
it is possible to isolate the bacteria individually or in bead-like strands. 
These same bacteria linked together in bead-like strands with a definite 
uniform interior orientation, as indicated by the uniform color in polarized 
light, may be found in the strongly deformed membranes. Although the 
isolation of these unchanged bacteria cannot be accepted as definite proof, 
it would seem to indicate that the bacteria may move as units during 
plastic deformation. 

STUDY OF MERCERIZED MEMBRANES 

Action of sodium hydroxide. While studying the effeetpf substituting 
the w'ater of the swollen membranes for other liquids, an unusual phenom- 
enon concerning the action of sodium hydroxide was observed. Normally 
sodium hydroxide swells cellulose materials, but in the membrane it 
produces a shrinkage. For example, if a sw^illen membrane is placed 
in 18 per cent sodium hydroxide it begins to contract rapidly, and in about 
fifteen minutes the length and breadth shrink to approximately one- 
fourth the original dimensions, while the thickness remains practically the 
same. The treated sample gives a random mercerized x-ray pattern. 
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The failuie of several salts to produce the same action would indicate that 
it is not an osmotic effect. The shrinkage appears to be definitely asso« 
ciated with a crystallographic change to the mercerised form, since the 
sodium hydroxide must be of sufficient concentration (above about 14 
per cent) to produce a mercerized structure before any appreciable shrink- 
age occurs. 

If the membrane is first dried on a glass plate and then treated with 
sodium hydroxide, it shrinks to only about two-thirds the former width 
and length, with a slight increase in thickness. This process tends to 
destroy slightly the original selective uniplanar orientation of the dried 
specimen. The very compact form of the dried membrane, however, 
makes it difficult to produce a mercerized crystalline structure. 

Specimen driedj then mercerized under stress, A number of fiber speci- 
mens previously dried under stress were treated with sodium hydroxide, 
subjected to the same tjrpe of original stress, washed, and allowed to dry. 
X-ray analysis showed that, in general, the original type of orientation 
is not changed, but the degree of orientation becomes more perfect. 
Figure 12 shows the same sample as figure 11 after being replaced over the 
beaker and treated for a short time with sodium hydroxide. The native 
crystalline structure is not changed, but the fiber structure is more perfect. 


Fig. 6a. X-ray diagram of membrane dried in contact with glass surface. X-ray 
beam perpendicular to large surface of membrane 
Fig. 6b. X-ray beam parallel to surface (same sample as figure 6a) 

Fig. 7. Membrane dried with tension in one direction. X-ray beam perpendicular 

to fiber axis (tension axis) 

Fig. 8 . Typical x-ray diagram of cotton fibers. X-ray beam 
perpendicular to fiber axis 

Fig. 9. Membrane rolled in one direction. X-ray beam normal to 
plane and direction of rolling 

Fig. 10. Membrane drawn through die. X-ray beam perpendicular 
to fiber axis (drawing axis) 

Fig. 11. Membrane allowed to dry with ends of strip fastened to rigid supports. 
X-ray beam perpendicular to fiber axis (long direction of strip) 

Fig. 12. Same sample as figure 11 after treatment with sodium hydroxide 
Fig. 13. Typical x-ray diagram of ramie fibers. X-ray beam 
perpendicular to fiber axis 

Fig. 14. Strip of membrane mercerized with ends fastened to rigid supports. X-ray 
beam perpendicular to fiber axis (long direction of strip) 

Fig. 15. Typical x-ray diagram of cuprammonium rayon. X-ray 
beam perpendicular to fiber axis 

Fig. 16. Strip of membrane subjected to combined tension and pressure applied 
at right angles to each other (see text for explanation). X-ray beam perpendicular 
to direction of tension (axis of strip) and parallel to direction of pressure (normal to 
plane of strip). 

Fig. 17. Same sample as figure 16 rotated 90° around fiber axis. X-ray beam still 
perpendicular to fiber axis (direction of tension), but perpendicular to direction of 
pressure (parallel to plane of strip). 
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As shown by comparison of figures 12 and 13, the fiber structure is equal 
to that of ramie, whi(4i is one of the most perfe(;tly oriented natural fibers. 

A number of shc^^ts pnndously dri('d on glass were treated with sodium 
hydroxide and subjected to a straight tension pull. With progressive 
extension th(' sel(H*tive uniplanar orientation is gradually replaced by a 
uniaxial orientation. At tlie intermediate stage both orientations may 
be considi'red as present, which results in an impcTfect selecti\'e uniaxial 
orientation. 

Specimen mereerized with endsjixed. Strips w('re mounted over a l:)eaker, 
as previously des(*ril)ed, and kept in contact with 18 per cent sodium 
hydroxide* for 30 minutes, washed for 30 minutes, and allowed to dry. 
Owing to the shrinkage j)r()duced by the sodium hydroxide*, the strips 
be(‘ome v(*ry taut and a nancerize'd uniaxial fiber structure* is pre)duce*d, 
as illustrated in figure* 14. Its similarity to a w(*ll orient e*el cuprammejnium 
rayem diagram may be* se‘en from a comparison of figur(*s 14 and 15. 

If the* strip is place*el e)V(*r a glass rexl anel then treat e*d with se)diiim 
hydroxide, the* se*e*tiou in contact with the glass re)d de*\’e*le)])s a se*l(*ctiA'e 
uniaxial orientation, while* that ne)t in (*ontact deve]e)])s a uniaxial e)ru‘n- 
tation. 

Specimen dried, mercerized, then subjected to combined tension and com- 
pression. Uniaxial fibe*rs, previously pre*par(*d by drawing, we*r(* pL‘ic(*ei 
between two sine)e)th l(*ad sliee*ts anel the c(*nte*r e)f the sample me)istene*el 
with se)dium hydroxieie Tlie l(*ad strips with the* sample*s be*t\\e*e*n the*m 
we^e then plac(*el betwe(*n a smeM)th ste*el plate anel a ste*el rod 0 cm. in 
diamete*r. If sufficie*ntly wide* strips e)f l(*ad are* useel anel the axis e)f the* 
steel rod is pe*rj)enelie*ular te) the* fibe*r axis e)f the* spe*e*imen, the e*ir(*um- 
ference of tlie rod will feuve the* le*ad to flow parallel te) the* fib(*r axis e)f the* 
specimen when the rexl and ])late are pressed toge*tlu*r by me‘ans e)f a large* 
vise. Thus, simultane»e)usly with the perpe*ndicular pr(*ssure pre)elue*e*el l)y 
the vise, a tensie)n is pre)duce*d in the sample* by the plastie* fle)w e)f the* 
lead. Spreading of the* sample is ])re)hibite*d by placing thin le*ael strips 
on e*ither side. The i)rine*iple* of the proce*ss has be*en siice*e*ssfully use*d te) 
pre})are‘ selective uniaxial orie*ntf*d speeamens e)f ke*ratin (1), anel it is e*e)m- 
monly us(*d te) elraw a thin wire or roll a thin shee*t by placing the) sample* 
insiele* of ane)ther me'tal. If thick lead she*e‘ts are* usexl a uniaxial orie*nta- 
tion may be obtaiiu'd. He)weve*r, by prope*r re*gulatie>n of the* le*ael thie‘kne*s-, 
the i)rt*ssuro, etc., specimi*n.s may be prepared by this m(‘thod which 
show a selective uniaxial orientation, as she)wn by figurc*s 16 anel 17 with 
the* x-ray beam perpemdicular and paralle*! to the flat side e)f the* sample, 
resp(*ctively (x-ray b(*am perpendicular to the* fiber axis). The pre*sene*e 
of a selective uniaxial eirienitation was further confirm(*el by a fiber patt(*rn 
when the x-ray beam was made parallel to the fiber axis. 

This experiment illustrat(\s the fact that it is possible, by the proper 



CRYSTALLITE ORIENTATION IN CELLULOSE FIBERS. II 


355 


combination of tension and pressure, to prepare a selective uniaxial ori- 
entation by forcing the sample to become longer and thinner but not 
broader or narrower, — a change in dimensions corresponding to that of a 
rolled sheet metal. The experiment indicates also the possibility of pre- 
paring a specimen with an orientation approaching that of a single crystal, 
from which the relative refractive indices along the a- and c-axes may be 
obtained, as well as other fundamental crystallographic information here- 
tofore unattainable, owing to the absence of single crystals of cellulose. 

THEORETICAL 

In connection with the selective orienting properties of the crystallite, 
it is interesting to note that the (101) crystallographic plane of cellulose, 
in its influence on the type of orientation obtained, appears to play a 
rdle analogous to that of a glide plane in metals. The mechanism of ob- 
taining the orientation, however, must be quite different for the two 
materials. Instead of a glide plane slip as for metals, all of the evidence 
points to a ‘‘micellar flow'^ or movement of the crystallite as a unit for 
cellulose (14). The equilibrium position for the cellulose crystallite, there- 
fore, must be governed, not by the symmetry of glide planes, but by the 
external configuration of the crystallite. 

The pronounced orienting tendency of cellulose with reference to the 6- 
axis — that a rayon filament can be oriented, for example, by stretching — 
is well known, and this property is usually attributed to rod-like micelles 
or fibrous bundles of cellulose chains which are oriented parallel to the 
direction of stretching. If an elongated shape in the direction of the 
6-axis is responsible for the parallel alignment of the crystallites when 
cellulose is stretched, the question then arises, what configuration of the 
crystallite is responsible for the selective orienting tendency with reference 
to the (101) plane? 

Assuming an elongated cellulose crystallite which moves as a unit during 
plastic flow, there are two possible external configurations which could ac- 
count for its selective behavior: (1) it could have a flat or ribbon-like shape, 
or (2) it could have a greater secondary valence attraction on two sides. 
In other words, the selective orienting tendency of the crystallites may 
be due either to their shape or to the cohesive forces between them, or 
perhaps to a combination of both factors. 

It is impossible to predict to what extent cleavage planes may exist in 
crystalline cellulose, but from analogy to other crystals one would expect 
a tendency toward cleavage along the (101) planes. If this were true then 
the conditions would be favorable for the existence of flat or shingle-like 
crystallites, which, owing to their shape, should behave in the manner 
experimentally observed. 

If it is shape alone that is responsible for the selective orienting tendency 
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of odltilose, then we have reason to believe that the crystallite would have 
to be rather ribbon-like. In the ease of superpolymers, CarotheiB (4) 
has estimated that the molecular weight should be above 12,000 and the 



NATIVE 



HERCERIZCD 


Fro. 18a and 18b. View down the t-axie of the cellulose unit cell 
(after E.B. Andress: Z. pbysik. Chem. 4B, 190 (1929)) 

molecular lengl^ above 1000 A.TJ. before orientation can be produced 
easily by stretching. On the other hand, oriented films may be produced 
readily from comparathrdy dhort molecules, a property due to the exist- 
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ence of polar groups at the ends of the molecules, and it would seem logical 
to assume that the polar hydroxyl groups of cellulose may be partly 
responsible for the orienting properties of cellulose. 

As may be seen from figure 18a, the (101) planes of cellulose have the 
largest number of hydroxyl groups per square unit of surface. Since the 
secondary valence of cellulose is attributed to hydroxyl groups, the sides 
of the crystallite parallel to the (101) planes should have the greatest 
valence forces, owing to the geometrical arrangement of the glucose 
residues in the crystal lattice, and these hydroxyl groups may assist the selec- 
tive orienting tendency of the crystallite. In addition to their selective 
orienting tendency, these hydroxyl groups, and also the ones at the ends 
of the cellulose chains, should assist the orienting tendency with reference 
to the 6-axis. 

The selective orienting tendency is not a unique property of bacterial 
cellulose membranes. Gelatin (18), myosin (2), cellulose acetate and 
cellulose nitrate films (10), and regenerated cellulose films (15) all show a 
selective uniplanar orientation when allowed to dry in sheet form. Kera- 
tin (1), regenerated cellulose films (15), and cellulose acetate and cellulose 
nitrate films (10) also show a selective uniplanar or uniaxial orientation 
when treated under the proper conditions, and it is interesting to note that 
all of these materials which show a selective orienting tendency have polar 
groups attached to fibrous molecules which exist as elongated micelles or 
crystallites. 

There are several properties of cellulose which are in harmony with the 
concept of hydroxyl group influence. For example, since the hydroxyl 
groups are largely responsible for the sorption of water by cellulose (12), 
a crystallite studded with hydroxyl groups on two sides would be ex- 
pected to have a major shrinkage normal to the (101) planes. Further- 
more, since the (101) planes of the mercerized lattice have more (about 
25 per cent) available hydroxyl groups per unit of surface than the native, 
as may be seen from a comparison of figures 16a and 18b, this may account 
in part for the greater sorption of water by mercerized cellulose and its 
greater selective orienting tendency. 

DISCUSSION AND SUMMARY OF RESULTS 

In general, the experimental results would lead one to conclude that 
the major factor in determining the type and degree of orientation 
found in deformed membranes is the relative direction and extent of the 
flow, or change in dimensions of the sample, rather than the nature, mag- 
nitude, or direction of the forces producing the flow. In other words, 
if the sample is elongated in one direction^ the b-axes of the crystallites are 
oriented parallel to that direction; if the sample is constricted in one direc- 
tion^ the ilOl) planes are oriented normal to that direction. This general 
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rule would seem to apply to both mercerized and unmercerized mem- 
branes^ regardless of whether the changes in dimensions are produced by 
shrinkage or by plastic flow due to mechanical force. It appears less diffi- 
cult, however, to prepare a selective oriented fiber structure from the 
mercerized than from the unmercerized membranes. 

This rule is not suggested as a rigid law for the plastic behavior of all 
cellulose materials — ^it is merely an attempt to generalize the behavior of 
the samples investigated — ^but preliminary results indicate that it may be 
of general application, and it is interesting to note that a similar rule may 
be applied to the plastic flow of metals (11). It appears to be in agree- 
ment with the optical results of McNally and Sheppard (10) on cellulose 
nitrate and cellulose acetate films, and with the x-ray results of Trillat 
(19) on cellulose esters. 

Although it is tentatively suggested that polar groups, as well as shape, 
may influence the selective orienting properties of cellulose, the present 
results are not conclusive either as to the shape and size of the membrane 
crystallite, or as to the exact cause of its orienting tendencies. It is 
tempting to assume that part of the orientation effects are due directly to 
cell distortion, or to the flattening of a honeycomb structure. Careful 
observation, however, indicates that it is necessary to invoke something 
beyond cell distortion; the orienting tendency of cellulose appears to be 
a fundamental property, present not only in native, but also in regenerated 
and cellulose derivatives where a cell structure cannot be assumed. As 
pointed out before, there is some evidence that bead-like strands of bac- 
teria move as units during plastic flow, but the evidence is not conclusive. 
The unit may be considerably smaller, and it is difficult to predict at what 
crystallite dimensions the influence of shape or polar groups would begin 
to have an orienting effect. The major point which the present results 
emphasize in this connection is that, whatever the final concept of the 
membrane crystallite may be, this concept must take into consideration 
the fact thxU the crystallite possesses a major orienting tendency with reference 
to the Ihoxis, and a minor or selective orienting tendency with reference to 
the (101) plane. 

The author wishes to express his gratitude to Professor G. L. Clark for 
his interest and support, and to Professor Harold Hibbert for furnishing 
the necessary membrane samples. 
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This paper describes observations on the effect of denaturation, by heat 
and by irradiation with ultra-violet light, on the spreading of aqueous 
solutions of ovalbumin and serum albumin on water. The term *^dena- 
turation’* is somewhat loosely used to describe various changes in proteins, 
which lead to diminished solubility in water; thus besides the changes 
produced by heat and by ultra-violet light, Ramsden (15) and du Nouy (4) 
found that adsorption at the air-water surface produces insolubility of 
proteins and termed this also ‘Vlenaturation.’’ When proteins are spread 
on the surface of aqueous solutions they also usually become insoluble. 

The numerous papers published in recent years on the spreading of 
proteins on a water surfa(‘e (5, 6, 7, 8, 10, 11, 16) have led to the conclusion 
that a fully spread film of a protein at a water-air surface has the peptide 
chains of the protein molecules stretched out along the surface with the 
lyophilic groups towards the water. Serum albumin and ovalbumin 
show remarkable differences in their colloidal properties in bulk solution, 
and it was thought that a study of their power of spreading at a surface, 
before and after denaturation in bulk, Avould throw light on the nature of 
the denaturation process and show also whether there is an important 
difference in the processes of so-called ‘‘denaturation^^ by heat and by 
spreading out on a surface. 


EXPERIMENTAL 

Preparation of the protein solutions 

Ovalbumin solutions were prepared from fresh hens’ eggs by separating 
the yolk, diluting the white with distilled water, and filtering off the precip- 
itated globulins; the filtrate was electrodialyzed in Pauli’s apparatus (13) 
for several days, the voltage being gradually increased from 5 to 220 
volts. After seven days’ electrodialysis the conductivity had reached its 
minimum value of 6.5 X mhos, with 2 per cent protein solutions. 

Serum albumin ivas prepared from defibrinated horse serum, by freeing 
from globulins by adding ammonium sulfate to one-third saturation, 
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filtering, again adding ammonium sulfate to two-thirds saturation, and 
electrodialyzing as with ovalbumin. The final conductivity was 4.6 X 
10“*® mhos, at 2 per cent. The pH of the purified solutions was 4.80 for 
the ovalbumin and 4.85 for the serum albumin, measured with a quinhy- 
drone electrode. 

All solutions were kept in the ice chest at about 2®C., under a thin layer 
of a paraflSn-toluene mixture to prevent infection. The concentration of 
the 2 per cent solutions was determined every few days by drying 2 ce. 
at 108®C. for twenty-four hours; the solutions for spreading were about 
one-hundredth of this concentration and were prepared from the stronger 
solutions by diluting with conductivity water. 

Measurements of the surface pressure of the spread films 

The apparatus of Adam and Jessop (2) was used. The films were 
frequently examined by the dark-ground illumination introduced by 
Zocher and Stiebel (19), with the simplifications used by Adam (1). The 
pH of the aqueous solutions, upon which the proteins were spread, was 
regulated by Walpole acetate buffers of JV’/20 or N/300 concentration in 
acetate; a brass trough was used, and the temperature regulated by an 
electrical heater below the trough. 

The proteins were spread from aqueous solution, using Gorter^s method 
(6, 7, 8), with but slight modifications. An Agla micrometer syringe, 
capable of being read to 0.0001 cc., was held horizontally close to the 
surface, and a measured quantity of the liquid, about 0.25 cc., expelled. 
It was found that if the height of the tip of the syringe was varied between 
2 and 5 mm. above the water, the same results were obtained; if, however, 
it was brought so close to the surface that the issuing drops actually 
touched the water in the trough before being detached, the spreading was 
less complete. Every result quoted below is the mean of several measure- 
ments, which usually agreed within 1 per cent. 

RESULTS 

Figure 1, curves I to III, shows the surface pressure-area curves ob- 
tained with egg albumin on the buffer solutions of pH 4.8 (the isoelectric 
point) and 4.4. The areas were observed to increase with time slightly, 
owing to the spreading or unfolding of the molecule taking place slowly, 
up to about seven minutes. The values given are at about seven minutes 
after putting the material on the surface. The spreading was greater on 
the solution at the isoelectric point than on the more acid solution, in 
accordance with the findings of Gorter; it was also considerably greater 
on the more concentrated acid buffer than on the more dilute. Svedberg’s 
values for the molecular weight, i.e,, 34,500 for ovalbumin and 60,000 for 
serum albumin, were used (17, 18). No signs of inhomogeneity in the 
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film could be detected on the two iV/20 buffer solutions with the dark- 
ground illumination below 18 dynes at 4.8 and 15 dynes at 4.4 pH, at 
which pressures collapse commenced. The films showed slight signs of 
inhomogeneity at all pressures on the dilute buffer; considerable collapse 
occurred on this solution at 13 dynes. 



Fig. 1. Spreading of natural ovalbumin and serum albumin. Curve I, oval- 
bumin, pH 4.8, on N/20 acetate buffer, pH 4.8; curve II, ovalbumin, pH 4.4, on 
N/2Q acetate buffer, pH 4.4; curve III, ovalbumin, pH 4.4, on iV^/300 acetate buffer, 
pH 4.4; curve IV, serum albumin, pH 4.8, on iSr/20 acetate buffer, pH 4.8; curve V, 
serum albumin, pH 4.4, on N/2Q acetate buffer, pH 4.4; curve VI, serum albumin, 
pH 4.4, on Af/300 acetate buffer, pH 4.4. 

With serum albumin (curves IV to VI) very similar results were ob- 
tained; the velocity of spreading was somewhat less on the dilute acid 
buffer, and the curve refers to twelve minutes after the material was put on. 

With the dark-ground illuminator, the films on the iV/20 buffers were 
apparently homogeneous, and that on the dilute buffer slightly inhomo- 
geneous; collapse occurred at 13 to 14 dynes in curve IV, at 11 to 12 dynes 
in curve V, and at 10 dynes in curve VI. 
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The films all became solid at about 3 dynes compression; this is the 
phenomenon described by^Hughes and Bideal as “gelation” of the films. 

The fully spread ovalbumin films tend to a limiting area of about 5000 
sq. A.U. per molecule, or 0.88 sq. meter per milligram, in good agreement 
with Gorter's valuejof 0.9 sq. meter per milligram. This area is decidedly 



Fig. 2. Irradiation of proteins with ultra-violet light. Curve O, ovalbumin 
without irradiation; curve S, serum albumin without irradiation; curve I, oval- 
bumio; 15 minutes before spreading; curve II, ovalbumin, 70 minutes before spread- 
ing; curve III, serum albumin, 20 minutes before spreading; curve IV, ovalbumin, 3 
minutes after spreading; curve V, ovalbumin, 6 minutes after spreading; curve VI, 
ovalbumin, 9 minutes after spreading; curve VII, ovalbumin, 20 minutes after 
spreading; curve VIII, serum albumin, 6 minutes after spreading; curve IX, serum 
albumin, 20 minutes after spreading. 

larger than the maximum obtained for cr 3 ^tallized egg albumin by Foss- 
binder and Lessig (5), 3750 sq. A.U. per molecule or 0.66 sq. meter per 
milligram. Svedterg has shown (17), however, that crystallized egg al- 
bumin contains a fraction of molecular weight 170,000, which cannot be 
removed even by repeated crystallization, but is precipitated on electro- 
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dialysis. This would not have been present in the material used here, 
owing to the method of preparation. If it is assumed that the fraction of 
high molecular weight in crystallized egg albumin does not spread, while 
that of lower molecular weight spreads completely, then since Svedberg 
gives the average molecular weight of crystallized egg albumin as 43,000, 
it is easily calculated that P'ossbinder and Lessig’s results lead to an area 
per molecule for the fully spread constituent of lower molecular weight 
of 4950 sq. A.U., in excellent agreement with the present result and with 
Gorter^s. 

The limiting area per molecule for serum albumin is about 12,000 sq. 
A.U. ; this value is larger than those given by Fossbinder and Lessig, but 
the films have been spread on solutions of very different pH. 

The films give a nearly straight surface pressure-area curve above the 
pressure at which they become solid; the compressibility is about 70.5 
sq. A.U. per dyne for egg albumin, or 1.41 per cent of the area at no com- 
pression; for serum albumin it is 250 sq. A.U. per dyne or 2.08 per cent. 
On decompressing the films once, there was a small amount of hysteresis, 
the area expanding to about 4 per cent Ie.ss than before compression. 

Serum albumin spreads to an area about 15 per cent larger, per gram, 
than ovalbumin, the area being 1.05 sq. meters per milligram. 

Effects of denaturation 

The dilute protein solutions (ca. 0.02 per cent) were adjusted to pH 
4.4 by dilute hydrochloric acid, and heated in a quartz test tube for fifteen 
minutes at 100°C. The solutions were perfectly transparent after this 
treatment. Isoelectric solutions (pH 4.8) of the same concentration 
turned opaque when heated in this way; and on adding the same quantity 
of sulfosalicylic acid to the denatured solution and to the untreated solu- 
tion, the same opacity was obtained. 

On attempting to spread the heat-denatured solutions on AV20 or 
A/300 buffer, pH 4.4, no spreading could be obtained. No surface pres- 
sure greater than 0.3 dyne could be obtained until the area was diminished 
to less than one-eightieth of that at w hich this pressure was obtained with 
the natural egg albumin. The ultramicroscope show^ed large numbers of 
aggregates of different size and shape floating on the surface. Time did 
not promote spreading; even after twrenty minutes no appreciable spread- 
ing had occurred. Incomplete denaturation, by heating for two or four 
minutes only, diminished the extent of spreading, but not so much as the 
longer heating. The spreading of both egg and serum albumin w^as pre- 
vented by denaturing in this w^ay. 

Denaturation by ultra-violet light was studied by irradiating the solu- 
tions before spreading in a rectangular quartz vessel of 3 mm. inside 
thickness at a distance of 12 cm. from a K.B.B. atmospheric quartz mer- 
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cury vapor lamp, 220 v., 2 amps. The pH was adjusted to 4,4. The 
spreading power is diminished but not entirely destroyed. Curves I and 
II of figure 2, were taken on spreading the solutions irradiated for 15 and 
70 minutes, respectively; after 70 minutes, the solution spread to about 
half the area of the natural egg albumin. Twenty minutes irradiation of 
the serum albumin solution diminished the area of spreading only by 
about 10 per cent. Inhomogeneity could be detected with the dark- 
ground illumination on all the films spread from irradiated solutioas. 

The effect of ultra-violet light was also studied by irradiating the films 
of natural protein after spreading. The same mercury vapor lamp was 
used, horizontally, about 12 cm. above the surface of the water. In 
order to diminish the amount of contamination accidentally reaching the 
surface during irradiation, the films were compressed to 5 dynes. Prelimi- 
nary experiments showed that, qualitatively, the effect of irradiation was 
the same in the uncompressed as in the compressed state. The irradiation 
did not raise the temperature of the interior of the solution more than 
2®C, ; the rise in temperature of the surface was probably not much more 
than this. 

Curves IV to VII show the effect of increasing times of irradiation for 
egg albumin; curves VIII and IX, for serum albumin. During irradiation 
the surface pressure fell to almost nothing. The films were seen to be 
very homogeneous after irradiation. Irradiation on solutions of pH 4.8 
and 4.4 gave similar results. 

The effect seemed to be rather greater with serum albumin than with 
e^ albumin, the areas after irradiation for 20 minutes in the spread films 
being about 50 per cent of the original with egg albumin and 33 per cent 
with serum albumin. 


DISCUSSION 

It is evident that the different processes known as denaturation are not 
all the same. The spreading of the molecules out along a surface is almost 
certainly an unfolding of the molecule so as to be one amino acid thick 
in the fully spread form, the water-attracting groups, i.e., the — CO — ^NH — 
and any free COO*” or NHJ groups, being in contact with the water and 
the hydrocarbon chains usually oriented away from the water. The pro- 
tein does not easily dissolve in the water, once it has been spread or un- 
folded at a surface. According to du Nouy (4), a protein in aqueous solu- 
tion accumulates at the surfaces until all the protein is at the surface and 
none remains in the interior. Thus the unfolding of the protein molecule 
during its transition from interior to surface appears to be a process which 
occurs spontaneously, whereas the reverse process, the coiling of the un- 
folded molecule and its passage back from surface to interior, does not 
occur easily. It is probable that, when in solution in water, the protein 
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molecules are coiled up so that the hydrocarbon chains are buried in the 
interior, and the surface is covered by the water-attracting groups. Thus 
Ramsden^s 'Menaturation” by shaking and adsorption at an air-water 
surface is probably an unfolding of the molecule. 

By the action of heat, however, the transition from the coiled to the un- 
folded structure is practically prevented. This could arise either through 
an increase in the forces which bind the coiled molecule together, or by an 
increasing aggregation, i.e., several coiled molecules uniting. The first 
mechanism seems to agree best with electrochemical experience. Accord- 
ing to Pauli (13, 14), the primary process of heat denaturation consists of 
an interaction between the free amino and carboxyl groups, leading to 
an amide-like linkage between these groups and consequently to the loss 
of the ^'zwitterion*' structure. This w^oiild tend to diminish spreading for 
two reasons: first, because these groups would have less attraction for 
the water than the separate COO“ and NHt groups; second, because 
they would tend to bind the molecule together in the coiled-up form. 
Astbury (3) brings evidence that the side chain linkages between peptide 
chains in proteins are strengthened by denaturation ; this w^ould probably 
hinder the unfolding of the molecules. 

Haurowitz (9) considered that denaturation consists of a breaking of 
the intramolecular attraction between positive and negative groups, with 
a loosening of the molecule by stretching the long peptide chains. The 
fact that the natural protein spread very much better than the denatured 
indicates that the internal structure of the protein molecule in solution is 
strengthened, not weakened, by denaturation. 

The effect of irradiation seems to be slightly different from that of heat. 
The amount of irradiation given to the protein solutions (pH 4.4) in the 
quartz cell before spreading w as sufficient to cause complete precipitation of 
solutions at the isoelectric point, yet, though the spreading w^as diminished, 
it was not entirely destroyed. It is interesting that irradiation of the 
spread films, i.e., of the completely uncoiled form of the molecules, causes 
some degree of coiling, evident through the collapse of the film. This 
may be because it is mainly the free COO~ and NHI groups which anchor 
the spread film to the surface and keep it spread. Further work has to 
be done for a complete elucidation of this effect. 

The slight difference between the spreading of serum and egg albumin 
may be due to the greater number of w^ater-attractive groups of serum 
albumin. Serum albumin, spreading to a 15 per cent larger area per gram 
than egg albumin, has about one hundred and three carboxyl and one 
hundred and twelve amino groups per molecule; egg albumin, thirty and 
thirty-six respectively (Pauli and Valko (13)). Also a comparatively 
small internal cohesion of the serum albumin molecule, as concluded from 
colloid chemical experience by Pauli (12, 13), might account for the greater 
ease of its unfolding. 
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BUimABT 

Egg albumin and serum albumin have been spread on aqueous buffer 
solutioixs at the isoelectric point and at pH 4.4. Serum albumin spreads 
to an about IS per cent greater area^ per gram, than egg albumin. The 
spreading is completely destroyed by previous denaturation of the solu- 
tions by heat, and partially destroyed by denaturation by irradiation; a 
fully spread film can be caused to collapse to a considerable extent by 
irradiation. 

The bearing of these experiments on theories of denaturation is dis- 
cussed. It is probable that denaturation both diminishes the attraction 
of the protein for water through the combination, within the molecule, 
of carboxyl and amino groups previously free; also the same combination 
probably tightens the internal structure of the protein molecule, making 
it more difiSicult to uncoil on the surface. 

My heartiest thanks are due to Professor F. G. Donnan, F. R. S., for his 
generous hospitality and his interest and to Dr. N, K. Adam, F. R. S., 
for his very helpful criticism and advice. 
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THK FORMATION OF LIKSl-XJANd RIN(JS IN THJ<: PRFSFN('J': 

OF PRi:ciriTAiM-:s 


HINAVKNDUA NATH SKN 

Chvtmcal Lahoralifrif^ l^residcucy Cnhnlfa, JfnJui 

licevnud Scfdetnher IS^ //y,A5 

Much work luis Ikkui done on th(‘ formation of jx'riodic hands of j)r(‘(*i])i- 
tat('s of diff(Tcnt .suhstanc(‘s in th(‘ |)r('S(‘nc(‘ oi ^(‘Is. Jt has h(*(*n almost 
gciK'rally believed that J 2 :<'ls ar(‘ almost (‘^scmtial for siu*h t y})(‘s of piTiodic 
)>r(‘ci|>itation, thoufj;h t}i(‘ number of instance.s in which th<' formation of 
Jd(‘S(»jj;an^ rinjz;s is discernibh* (‘ven in tin' abs(mc(‘ of ^(‘Is has incr(*as(‘d 
(4, 5, (), S) comparativ(‘ly rec(‘ntly. ft i> tlu* obj(*(*t of the present pa[)er 
to r(‘port th(‘ formation of such p(*riodic liands of pr('cii)ilat(‘s, not in a |j;el 
but in the pr(‘sen(*e of certain othcT pr(‘cipitat(‘s when* tiu* specific' char- 
a('t(‘ristics of f 2 :el-structure are absent and where th(‘ ])robal)ility of th(‘co- 
('xisteiu'c of sol and th(‘ precipitate of the sanu' substance* (1, 2, 3, 4), if 
not absent, would ap])ear to i)lay no ])romin('nt function. It is very diffi- 
cult to explain the occurrence* of such bands in the jm'sence of thf\s(' in- 
soluble* .substanc(*s unl(‘.ss adenpiate (*xp(*rim(*ntal data are* available, ))ut it 
may be su^^e*st(‘d that s(*l(*(*tive adsorption of some* of flu* ionic* spex*ie\s in 
the* syste*m by the.sc* prc'e*ipitate*s may in all probability l)lay a very im- 
])e)rtant re^e in sue*h a phenoincuion. 

KXPKHIMKNTAL 

The calc'ium sulfate and the barium sulfate we*re powderc'd to a v(*ry fine* 
slate* of subdivisiem. Intei thoroup:hly cleancHl te*st tube*s known veilumes 
of a solution of fc'rric* e'hloride of kne>wn c*onc‘entratie)n w(*re introduced and 
them 10 fr. of the c'xtrc*mc*ly fine powdc*r eif c*ach of the ])rcH*ii)itate*s was 
aIlow(‘d to drop in. A further kneiwn volume* of the solution of ferric 
e*hloride was ne?xt introdue*e\i into each of the te*st tub(*s. The e'xae*t volume* 
of the solution to be add(*d was found })y trial, and such a volume* was 
sel('cte*d that wh(?n the 10 g. of powdcTC'd pre*ci])itat(* was place*d in the 
solution, the mass of the pn*e*ipitate would e*omplete*ly absorb the* solution 
on standing. The pree*ii)itate*s in contae*t with the* .solution A\ere alleiwt^d 
to stand for eight hours. The conte*nts of the tube’s we*re ne*xt e*ontrifuge*el 
and kept overniglit. It was then found that the mass e)f prc'cijfitate*, afte*r 
absorbing the solution completely, appe’ared to ])re*se*nt .some re*se*mblane*e^ 
to a thickly sot uniform gel of agar. It was, howeve*r, not transparent. 
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A known volume of the solution of potassium ferroeyanido of known (• 011 - 
centration was then carefully added to the precipitate without causing any 
disturbance of the solid particles. The test tubes with their contiuits w(jre 
then allowed to stand for days, and the changes were noted each day until 
the Prussian blue precipitate had reac^hed the bottom of ea(di tube. 

As it has b(Mm brought out by the experiments of Lloyd and ^^oravek 
(7) that carrying out the rea(*tion in a small space exerts a marked favor- 
able infliK'iK'c on the formation of Liesegang rings, (experiments w('r(^ also 
])erformed in much thci same way in tube's of narrow bore, ha\'ing iut(‘rnal 
dianu'ters (^f 0.5 and 0.25 cm. However, tlu'se ('X[)erim('nts yic^ldc'd no 
positive H'sults. 

It may be m(mtion(*d that 8 cc. of the ferric (*hloride s(jlution was n('(*(‘s- 
sary for 10 g. of the calcium sulfate precipitate for compk'te absorption by 
the said precipitate; 4 cc. of the ferric cliloride was add('d b('fore and 
another 4 cv. after the introduction of the calcium sulfate into the t(*st tulx*. 
In the case of barium sulfate, however, 6 cv. of th(' solutioii was nec(‘ssary, 
of which 3 cc. was added bc'fore and 3 vc. after th(' introduction of th(* 



Fui. I. Liesegang rings olitained t»y using 10 g. of <*aleiurn sulfate, 8 ee. of 0 385 N 
ferrie chloride*, and 6 oe. of 1.15 N potassium ferrocytinide* 

sulfate pnripitate. The purpose in introducing some of the solution be- 
fore the introduction of the precipitate was to minimize the possibility of 
the air bubbles being kept enclosed in the Ixidies of the s(did i)r(M*ipitat('s. 
Care was always taken to ensure that no air bubbles could liave a chance to 
remain thus enckxsed. 

RESULTS WITH CALCIUM ST^LFATK 

The number of rings formed incri'ased with th(‘ dilution of the ferric 
chlorid<' solution, and the distance betw('(*n the rings d('cr('as('(i as tluj con- 
centration of th(^ ferric chloride was incnnised. The comment ration of the 
potassium ferrocyanide appeared to have no favorable influence on the 
formation of the rings (1.15 N solution w^as used in the ('xperiments). 

The first ring appearc'd after about forty hours; then another ring rami* 
in the course of a day. 

The distance between these two rings was quite considerable. The thick- 
ness of the first ring was, however, greater than that of the s(;cond. The 
distance of the first ring from the surface of separation of the solid and the* 
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solution was about one-fourth the distance between the first and the second 
rings at favorable concentrations of ferric chloride. 

After the appearance of the second ring the blue color proceeded down- 
ward, uniform in tint but weaker in shade. The progress continued for 
several days and then ceased. This position was maintained for about 
three days. At the end of that time there appeared a distinctly blue ring, 
much deeper in shade than the blue color which had just ceased moving, 
and uniformly thick, its lower edge coinciding with the edge of the blue 
tint which had ceased to move downward. The blue tint above the ring 
became lighter and lighter in shade; after a day a ring appeared above it 
making the intervening space colorless. Another ring appeared again 
above this second ring in the course of a day, and the intervening space 
again lost its color. In this way, a ring appeared every day until there 
were five successive rings. After the formation of the fifth ring in the 
series, no fresh rings appeared. The rings were stable and distinct for 
about a week, after which they began losing their distinctness. As soon 
as the rings began losing their distinctness, the blue color started travelling 
down from the lowermost ring, slowly and gradually, until it came to 
the bottom. This occurred in the course of another week. Even when the 
blue color had reached the bottom, the rings previously formed, though 
indistinct, were yet discernible and about a month more was required for 
them to lose their identity completely. It may be mentioned that the 
distance between the rings in the above scries increased only slightly in 
the order of the sequence of appearance of the rings. It is also of interest 
to note that no periodicity in the precipitation was observed in the region 
below the above series of rings, through which the blue tint ultimately 
travelled do^m. 

At very high concentrations of ferric chloride (above 1.5 N), two semi- 
circular liighly colored patches appeared just below the surface of separa- 
tion of the liquid and the solid. No ring, however, was found to appear, 
even after keeping the system for about a week, but at the end of the week 
several periodic bands were observed in these highly colored spots in the 
form of arcs of circles. 

At moderately high concentrations of ferric chloride (0.75-1.5 N), how- 
ever, these two deeply colored patches also appeared but with increased 
areas, and a highly colored ring appeared 8 mm. below these two areas. 
In the course of about three days another ring appeared just above; this 
was succeeded in its upper region by three fully developed rings and three 
partly developed rings at equal distances apart, the last partly developed 
ring touching the lower borders of these spots. In the meantime, there 
appeared several periodic bands in the form of arcs of circles in each of the 
highly colored semicircular patches. The most favorable concentrations 
of ferric chloride for ring formation are in the range 0.3-0.6 AT. 
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BBStTLTS WITH BABItTM SOiaXTB 

In. the case of barium Eulfate, however, it was somewhat difficult to 
cdbtain the petiodm l^nds. It appeared to be difficult as well to study the 
probal^y of the formation of the rings with reference to the conceatra- 
tiouTlf the ferric chloride, the concentration of the potasrium ferrocyanide 
having apparently no influence on the ring formation. In most concentra- 
tkois no rings were obtained; if formed at aU at some concentration, they 
were eott^Muatively indistinct. The range of concentrations in which the 
rii^ formation was favored was also very narrow (0.15-0.25 N). It was 
only in this nnall range of concentration of the ferric chloride that com- 
paiativ^y distinct rinp, though lighter in shade than those obtained in 
the body of the calcium sulfate precipitate, were obtained. In 0.2 N 
fertie chloride the most distinct rings were obtained, and three rings were 
discernible. The distances between the rings were ai^roximately equal, 
but the thickness of the first ring was greater than that of the second and 
that of the second was greater than that of the third. The thickness of 
the rings was, however, conriderably greater than that of those obtfuned 
in the body of calcium sulfate; the rate of travel of the blue color through 
the precipitate was also comparatively rapid. 

SUIOCABT 

The formation of Lies^ang rings of Prussian blue in the bodies of calcium 
sulfate and barium sulfate, moistened with ferric chloride solution, has 
been recorded. 

The influence of the concentration of the ferric chloride on the char- 
acteristics of the rings has been studied. 

My best tlutnks are due to Dr. P. Nee^ for giving me facilities for carry- 
ing on this piece of work. 
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NOTE ON THERMODYNAMIC EQUILIBRIUM IN THE GRAVI- 
TATIONAL FIELD 
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I, THE FUNDAMENTAL GIBBSIAN EQUATIONS FOB THE CHARACTERISTIC 
FUNCTIONS OF A SUBPHASE 

In his excellent treatise, E. A. Guggenheim (1) has recently given an 
exact (non-relativistic) account of thermodynamic equilibrium in gravita- 
tional fields, starting from differential equations of Gibbsian type for the 
characteristic functions of an infinitely thin homogeneous layer of matter 
of given gra\Hitational potential. Thus for the energy, JST, of such a layer, 
a, he writes 

dE“ = r-dS" - P“dF* + E (m? + d< (1) 

% 

where T®, S®, P“, F®, and ^ denote respectively temperature, entropy, 
pressure, volume, and gravitational potential of the layer, n“ the number 
of moles of the component in the layer. Mi the molecular weight of the 

component, and a function which is assumed to be completely de- 
termined by i^, T®, 

It seems worth pointing out, for reasons stated below, that equation 1 
can be generalized so as to take account of the fact that the energy of the 
layer in question can be varied without absorption of heat (r®d#S®), per- 
formance of volume work (--P®dF®), or changes of composition ( (mT + 
M<^®)dn“), merely by a change of gravitational potential v?®, as for in- 
stance through a shift of level in the earth’s field. The contribution to 
wE® of an infinitesimal change in ^® at constant S®,F®, n" is evidently 
J|f«d^ where Af® is the mass of the layer. 

Equation 1 is accordingly replaced by 

dE^TdS- PdV + Md^ + E ’’.dn, (2.1) 

i 

where for simplicity the superscript a is omitted and the sum m 
denoted by n. Of the variables F, S, V, n«, <f> all but one are independent, 
BO that if the number of components is k, the number of independent 
differentials in equation 2.1 is & 4- 3. The corresponding equations for 
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the other characteristic functions, i.e., the heat content H, the Gibbs free 
energy F, and the 'Helmholtz free energy A, are of course 

dH = VdP+TdS + Mdv + E ridn^ (2.2) 

ft 

dF = -SdT + VdP + Md^ + £ r^dn, (2.3) 

ft 

dA = -PdF - SdT + Md,p + £ r<dn< (2.4) 

ft 

For convenience the thin layer to which these equations apply may be 
called a “subphase.” 

The new equations (2) are of interest because (i) they further illustrate 
the point clearly made by Guggenheim (ref. 1, p. 164) that “the gravita- 
tional potential difference between two [sub-]phases, in contrast to the 
electric potential difference is thermodynamically determinate, owing 
to the fact that its value is independent of the presence and nature of the 
phase there;” (ii) they show that the statement (ref. 1, p. 154) that “in 
all thermodynamic formulae the quantity <p“ occurs only in combinations 
of the form (m“ + is generally true only for changes at constant 

v>"; (iii) they are of the same form as the general thermodynamic equations 
for external electric and magnetic fields (2) and thus serve to emphasize 
certain important analogies. Equations 2 furthermore yield deductions 
of the laws of hydrostatic equilibrium and of sedimentation equilibrium 
which to the author seem more concise than previous ones and arc ac- 
cordingly given below. These deductions fall naturally into the stages 
indicated by the titles of the following paragraphs. 

II. THERMAL AND CHEMICAL EQUILIBRIUM BETWEEN SUBPHASES 

The general criteria for thermodynamic equilibrium in conjunction with 
the equations 2 lead in the usual manner to the familiar conditions 

(3) 

(4) 

for thermal and chemical equilibrium, respectively, between any two sub- 
phases a and /3. 

in. THE GIBBS-DUHEM EQUATION FOB A SUBPHASE 

The energy of a subphase like that of a bulk phase (in the absence of 
gravity) is clearly homogeneous of the first order in the capacity factors 
S, V, tii. By Euler’s theorem equation 2.1 therefore yields 

F = T5 - PF -1- £ T.Ui 

i 



( 6 ) 
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which, on differentiation and comparison with equation 2.1 in the usual 
manner, gives 

SdT - VdP ~ Md<p + Y. = 0 (6) 

the analogue of the Gibbs-Duhem equation for a bulk phase. For the 
treatment of hydrostatic and sedimentation equilibrium it is convenient 
to write equation 6 in the form 

dP = sdT - pdv>+'L c,dr. (7) 

t 

where s is the entropy per unit volume, c^ the volume concentration of 
the component, and p the density of the subpha.se. Of the k + 3 
intensive variables T, P, n in equations 6 and 7, any A: + 2 are independ- 
ent. 


IV. HYDROSTATIC EQUILIBRII M 

If r, V?, Tt are taken as the independent variables, it follows from equa- 
tion 7 that for any subphase 



Now by ccjuations 3 and 4 all the (infinitely numerous) subxihases of a 
fluid in thermal and chemical equilibrium have the .same values of T and 
of the n. But since any two adjacent subphases whatever differ infinites- 
imally in iff it follows from equation 8 that any fluid in thermal and chemi- 
cal equilibrium in a gravitational field is also in hydrostatic equilibrium, 
i.e., that 

*dP = ^pdip (9) 

where the operator d refers to the difference b(’tw(‘en two adjacent sub- 
phases. Any equation such as eciuation 9, in which d has this significance, 
is conveniently prefixed by an ast(‘risk, to distinguish it from equations 
such as 1, 2, 6, 7 in which d refers to an infinite.simal change within a 
single subphase. 

V. ACTIVITY COEFFICIENTS IN A SUBPHASE 

For compactness in the expression for sedimentation equilibrium to be 
derived below it is expedient to introduce activity coefficients defined in 
a manner analogous to that for a bulk phase (ref. 1, p. 115), namely 

M, = + (10) 

where /** is a function only of T and P, Nt is the mole fraction of the f* 
component in the subphase, and is its activity coefficient, that is, a 
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function of T, P, nt so chosen as to be unity at infinite dilution. This 
definition evidently implies that m is completely determined independently 
of ^ by T, P, ni alone, a fact readily proved from the equations 2, which 
herein reveal a decided advantage over the equations of type 1. From 
equation 2.3 it follows that 


( 

\d<fi/r,P,ni \dni 


where the subscript n ^ indicates the constancy of all the lu except a partic- 
ular one with respect to which the differentiation is carried out. The in- 
troduction of the relations 

s Mi + (12) 

Jlf = E (13) 


into equation 11 gives 


(—) = 0 
\dip /t» P,ni 

Mi = M,iT, P, ».) 


VI. PARTUL HOLAB VOLUUES AND PABTIAL MOLAB ENTROPIES IN A 

SUBPHASE 

Besides the activity coefiicients /> it is expedient to introduce the partial 
molar volumes Fi and the partial molar entropies S,. That these quanti- 
ties as well as V and S themselves are functions of T, P, rii alone follows 
from equation 2.3 by proofs similar to the one given above for Mi- Particu- 
larly useful for compact derivation of the law of sedimentation equilibrium 
are two equations readily deduced from equations 2.3, 12, and 10, namely 


o 

1) 

(16) 

\dTjp~ 

(17) 


in which F < and denote the values of F{ and Si at infinite dilution. 

VII. SEDIMENTATION EQUIUBSIUM 

From equation 12 it follows that for any component of a subphase, say 
the y*"*, 

d^y -f- Mjdtp — dry =s 0 (18) 
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Differentiation of equation 10 and substitution of the result into equation 
18 gives 


+ (^)^dP 4- RTd log AT,/, + R log AT,/, AT 

+ Mjdip — dr, = 0 


(19) 


which, on introduction of equations 16 and 17 and elimination of dP 
means of equation 7, becomes 


RTd log N,f, - (pF? - M,) d<p + (sP“ - S” + « log N,f) dT 

+ T"! 22 — dT, = 0 

1 


( 20 ) 


If r, T» arc taken to be the independent variables it follows that in any 
subphase 


RT 




( 21 ) 


for each component. This equation in conjunction ^ith equations 3 and 
4 shows that in any solution in thermal and chemical equilibrium in a gravi- 
tational field 

^RTd log NJ, = (pf ;; - M,) d<p (22) 


for each com|X)nent. Equation 22 is the exact law of sedimentation 
equilibrium in a form more compact than any hitherto given. It is readily 
shown to be identical with the expression given by Guggenheim (ref. 1, 
p. 167). 

The integration of the sedimentation equation, neglecting compressi- 
bility, has been carried out by Guggenheim (ref. 1, pp. 157-8) for the 
binary ideal solution of any concentration and for the ^^extremely dilute*' 
ideal solution of any number of components. The result for a third simple 
case of ph3nsical interest, that of the ‘"extremely dilute" non-ideal solution 
of any number of components, seems worth giving; it is 




where po is the density of the pure solvent. 


(23) 


VUI. SUMMARY 

The fundamental equations for the thermodynamics of the gravitational 
field are written in a form more general than hitherto by the inclusion of 
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the gravitational potential ^ as an independent variable. The theoretical 
interest of the resulting new equations is briefly pointed out, and their 
practical usefulness shown by deducing from them the known laws of 
hydrostatic equilibrium and sedimentation equilibrium. The latter law 
is expressed in a new and compact form involving the activity coefficient. 
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The method here described Ls a comparative one because the aqueous 
pressure over an aqueous sulfuric acid solution, whose concentration can 
later be found, becomes equal at the same temperature to the aqueous 
pressure of the system under investigation. Since the variation of aque- 
ous pressure with temperature of the two systems thus under comparison 
is, fortunately, very similar, refined temperature control is not a necessity. 
Measurements may therefore be made with ease up to temperatures well 
over 100®C., at which close control of temperature over lengthy periods 
has proved difficult to most workers. It is in part due to this difficulty 
that records of measurements of dissociation pressures of salt hydrate 
systems are scanty as well as notoriously discordant for temperatures 
much above room temperature, and we believe that this situation can be 
remedied by use of the method here described. It is essential to realize, 
however, that in measurements of dissociation pressures, there enters at 
the lower temperatures another little understood source of error which 
must be avoided, esjx'cially in dealing \idth systems of lower hydrates which 
of necessity exhibit very large surface areas when prepared by efflorescence 
from higher hydrates. The errors in question have been attributed to 
adsorbed water (23) and are here further discussed in the light of experi- 
mental results which we believe are little vitiated by the better recognized 
sources of error. 

We shall show below the application of our procedure to the measure- 
ment of the aqueous pressures of saturated solutions and to the dissocia- 
tion pressures of salt hydrate systems. 

COMMENTS UPON CERTAIN OTHER METHODS 

The first three methods mentioned below, because absolute rather than 
relative or comparative, require accurate temperature control, which is 
the more difficult the higher the temperature. 

^ From a thesis presented by Edward M. Collins to the Faculty of Princeton 
University in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, January, 1933. 
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( 1 ). The Bremer-Frowein tensimeter and its modifications (12, 34, 22, 
6) are difficult to free from permanent gases, which may be but slowly 
released from solid phases (22). 

(f). The isoteniscope (37) has the advantage that it can be freed from 
permanent gases by repeated trial until constant results are obtained, and 
thus it has been used successfully in many cases in which equilibrium is 
reached quickly (10). 

(S). The gas current saturation method, although often successfully 
employed (22, 1, 2, 3, 35, 29), is cumbrous, requires much material, and 
is difficult in cases of slow equilibrium (1). It is not open to the objection 
suggested by Partington (28, 22). 

( 4 ) . Those indirect methods which depend on equilibration with water 
through the liquid phase of salt hydrate systems in contact with this 
water dissolved in such liquids as ether (19), ethyl alcohol (11), isoamyl 
alcohol (27), nitrobenzene (32, 36), benzene or chloroform (23) are not as 
rapid as had been hoped, demand insolubility of the salts in the experi- 
mental liquid, and are obviously less suitable for higher temperatures. 

(5) . Lastly may be mentioned that indirect method which depends 
upon ascertaining by trial the concentration of an excess of aqueous sul- 
furic acid from or to which the system under investigation neither gains 
nor loses water through the vapor phase (25, 43, 21, 44). The method is 
commonly operated in the presence of air and is time-consuming, while 
the equilibrium concentration of acid cannot safely be judged by the rate 
of approach from either side; but refined temperature control has indeed 
proved unnecessary (43, 21). 

OUTLINE OF METHOD HEBE ADOPTED 

The principle of our method is the same as of the method last mentioned, 
namely equilibration through the vapor phase with aqueous sulfuric acid. 
We allow the acid, however, automatically to alter its own concentration 
until its aqueous pressure matches that of the material under investigation, 
which, in the present work, is either a salt hydrate pair or a saturated 
solution. The acid, contained in an elongated weighing tube, which can 
be stoppered by the device of Bichards (30), is stirred by mechanical rock- 
ing through about 20° of arc. In order to lessen the weight of water to 
be transfm^ in the process of equilibration, we use only about 0.2 g. 
of acid of known concentration, accurately weighed out. We furnish an 
abimdant supply of the material that must govern the final pressure by 
using quantities of 10 to 20 g. We accelerate the transfer of water by 
removal of other gases. This is simply achieved by precooling, exhausting 
and sealing off an ordinary 2 x 15 cm. test tube which contains both the 
material and the acid weighing tube. Since our apparatus is sealed, we 
are no longer limited to pressures below one atmosphere. Because the 
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essential portion of the apparatus is thus contained within a relatively 
small tube, we are able to run four determinations simultaneously in eight 
tubes placed in one cradle, each substance utilizing two test tubes, one 
with acid more, the other with acid less concentrated than the expected 
equilibrium concentration. Uniformity of temperature throughout each 
tube is ensured, especially above 50°C., by inclosing each in a short length 
of iron or copper pipe with capped ends. The desired temperature is 
maintained with sufficient steadiness in an ordinary Freas constant- 
temperature oven of one cubic foot capacity, the air of which is stirred by 
a fan driven by the same motor that rocks the cradle. In the normal case, 
w^e run the experiments overnight for convenience, and normally find in 
the morning that equilibrium has been reached from both sides. The 
minimum time necessary varies with circumstances from a couple of hours 
or less in simple case^ to many days in difficult cases. 



Fia. 1. Weighing tube within sealed test tube 


EXPERIMENTAL DETAILS 

Figure 1 shows the acid-containing weighing tube ABC confined within 
the same sealed test tube as the substance D. Tube ABC may be kept in 
position by means, for example, of a tuft of steel wool wedged between it 
and the test tube. The acid itself is present only in portion A which is 
separated from the mouth of the tube by the barrier B, formed by indent- 
ing the P3nrex glass while heated at this point. The ground glass stopper 
E is shown ready in position to be dropped home on erecting the tube. 
This process of stoppering is carried out at the temperature of the oven. 
After stoppering the acid tube, air is immediately admitted by breaking 
the sealed tip of the containing test tube, the apparatus is allowed to cool 
and finally cut open to release the acid tube for weighing. The final con- 
centration of the acid is found by comparison of its final weight with its 
original weight and known concentration. A small correction due to the 
weight of the water vapor stoppered within the weighing tube is applied 
when necessary at higher temperatures. The dimensions of the apparatus 
are made obvious by the scale of centimeters on the diagram. Prior to 
evacuation, the test tube with its contents is cooled in a freezing mixture 
to minimize loss of water during evacuation, which may be carried by a 
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Hyvac pump below 0,2 mm. of mercury as measured by a simple MacLeod 
gauge. 

When the substance D was a pair of salt hydrates, precaution was taken 
to effloresce the higher hydrate about halfway towards the composition 
of the lower hydrate so as to secure as large a number of active growth 
spots as possible. This precaution is well worth while, since Carpenter 
and Jette (6), who only “slightly effloresced'^ their higher hydrates, re- 
quired much longer to reach equilibrium values than did Menzies (22) 
under similar conditions. The grain size of the hydrates used was not 
uniform but approximated 15 mesh. 

When the vapor pressure of saturated solutions was desired, the portion 
D contained initially the highest hydrate moistened with its saturated 
solution. The attainment of identical final acid concentrations starting 
from stronger and weaker acid solutions respectively in a pair of tubes 
containing the same substance was in itself sufficient evidence that equi- 
librium between solid, solution, and vapor had been established. 

Experiment showed that the rate of loss or gain of water from or by a 
salt hydrate pair was always, under our conditions, a slower process over- 
all than the rate of transfer of water to or from the stirred acid. The ac- 
tive surface of salts used, therefore, governed the speed of the process of 
equilibration. Adequate stirring of the acid was secured by mechanically 
rocking the tubes about fifteen times per minute by means of an eccentric 
device upon a reducing gear. 

CONTROL OF TEMPERATURE 

In respect to the smallness of angle with which the temperature-pressure 
curves of other water vapor-yielding systems cut the curve of an aqueous 
sulfuric acid solution there are, naturally, differences according to the 
nature of these systems. But the angle is uniformly a small angle, and 
thus change of temperature influences the relative humidity of the two in 
a much smaller degree than it does their absolute aqueous pressures. 
Illustrating this in the case of dissociating cupric sulfate pentahydrate, 
the temperature error, at 25® and 50®C., sufficient to produce an error in 
the dissociation pressure measurement of 1 per cent is 0.2® and 0.2®C., 
respectively, for any absolute measurement and 2® and 1®C., respectively, 
for the present method. In general, for the systems studied by us at 
50®C., the average temperature divergence to produce an error in pressure 
not greater than 1 per cent is 1® to 2®C. 

By using a simple mechanical device to open momentarily the heating- 
current contact points of the automatic temperature regulator of our oven 
every half-minute, thus minimizing overshooting of temperature caused 
by adhering of these points, we were able to secure constancy of tempera- 
ture at all temperatures used to within 0.5®C. The absolute measurement 
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of temperature to 0.1®C. was made possible by comparisons from time to 
time with certificated standard thermometers after redcterrnination of 
their zero points. It will be understood that temperature precision is here 
of much less moment than it was in establishing the water pressures over 
aqueous sulfuric acdd (8). 

CHOICE OP SULFURIC ACID AS COMPARISON LIQUID 

We contemplated and rejected the use of other substances. We learned 
(41) that sulfuric acid solutions not over 80 per cent lose by vaporization 
no sulfur below 220°C., while 89 per cent acid has a partial pressure ascribed 
to H2SO4 of only 0.5 mm. at 290°C. (40). We proved by gravimetric 
and volumetric methods that no measurable amount of either sulfate or 
acid hydrogen was lost from our weighing tubes at our highest experi- 
mental temperatures, either by evaporation or by action on the Pyrex 
glass. Furthermore, the Pyrex weighing tubes used for the acid remained 
constant in weight throughout. 

Because we found that the values in the literature for the vapor pressures 
of aqueous sulfuric acid solutions at various temperatures were not con- 
cordant, these values were redetermined and have been reported elsewhere, 
as has also the preparation of the sulfuric acid solutions used in the present 
work (8). 

PURITY OF SALTS USED 

These salts were prepared by recrystallization of reagents of the highest 
purity (26). None contained more than 0.002 per cent of heavy metals 
as impurities. The possibly large influence of impurities upon the disso- 
ciation pressures of salt hydrates has seldom been recognized, and it is 
often forgotten; for example, 1 per cent of manganese sulfate in the mixed 
crystal lowers the dissociation pressure of cupric sulfate pentahydrate by 
8.6 per cent at 20°C. (14). Our cupric sulfate was found to contain not 
more than 0,001 per cent of nitrates, chlorides, alkalis, or alkaline earths. 
The barium chloride and barium bromide contained not more than 0.02 
per cent of strontium and calcium, and less than 0.1 per cent of the alkalis. 
The bromide (contained less than 0.002 per cent of chloride. The stron- 
tium chloride and bromide were free from barium and calcium to the ex- 
tent of 0.01 per cent, and from the alkalis to the extent of 0.05 per cent. 
The bromide contained less than 0.002 per cent chloride. The barium 
and strontium bromides were entirely free from bromate. The calcium 
chloride contained not over 0.002 per cent of barium and strontium, 
and less than 0.05 per cent of the alkalis. 

ANOMALOUS RESULTS AND THEIR INTERPRETATION 

In studies of the dissociation pressures of salt hydrates, it has been too 
often tacitly assumed that we are dealing from the start with nothing but 
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two ciystalline phases and one vapor phase. That this assumption is 
apparently allowable in certain cases was shown, for example, by Bolte 
(4), and in these cases he obtained in a reasonable time at constant tem- 
perature a pressure that was constant for all compositions of material 
intermediate in water content between those of the nearest two stoichio- 
metrical hydrates. The two crystalline phases are presumably active in 
their control of aqueous pressure only at those points on a surface where 
they are in contact (18, 9), — the active spots. If merely vapor were 
present above such spots, ail might be well from the phase rule standpoint, 
and early measurements yield the same pressure values as later ones. But 
if the surface is masked by a layer of non-vaporous water, the crystalline 
picture is blurred, and the simple phase rule prediction may be tempo- 
rarily or more permanently unrealized according to the persistence of the 
layer. This layer has influence only at the active spots, but the mobility 
of its members may be much less than that of a two-dimensional gas, if 
one may use this method of expressing the energy of its binding. For 
this reason its influence upon the apparent dissociation pressure may be 
long-enduring. Whether its mode of attachment is physical or chemical 
is a purely academic question, as is the nature of attachment of a common 
ion from solution adsorbed preferentially upon a crystalline precipitate. 
One may recall in this connection the curious fact established by Menzies 
and Potter (24) in 1912 that dehydration of a hydrate may be more rapid 
and more thorough in the presence of increased pressures of water vapor. 
This has been confirmed recently in another instance by Topley and 
Smith (42). 

Such considerations suggest an explanation of the diflSculties and anom- 
alous results encountered in the measurements of dissociation pressures, 
by Bolte (4, 5) for camallite and for kainite; by Schumb (35), by Baxter 
and CJooper (1), and by Partington (28) for barium chloride dihydrate; 
by Carpenter and Jette (17) for nickel sulfate hexahydrate; and in many 
earlier cases. They may explain the high results of the last named workers 
for cupric sulfate trihydrate at 25® and 35°C., and likewise many other high 
results in the lower ranges of temperature to be found in the literature, 
as well as unnumbered disappointing results which, as suggested by 
Hackspill and Kieffer (13), have never been published because equivocal 
and discouraging to those who found them. 

The question has already been discussed elsewhere by Menzies and 
Hitchcock (23), and we shall here briefly set down some of our conclusions 
substantiated by the present work. We find; (1) that the diflBculty be- 
comes less apparent the higher the temperature, as might be expected; (2) 
that material which has, for purposes of measurement, previously been in 
contact with a higher pressure of water vapor at a higher temperature is 
prone to yield too high pressure values for lower temperature measurements 
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which immediately succeed them; (3) that, in certain cases, a genuine 
equilibrium pressure appears to present itself in experiments of customary 
duration, which falls in value only slowly with time. For example, samples 
of cupric sulfate trihydrate with the monohydrate, previously used at 
100°C., reached ‘^normal” pressure values only after five days in a sub- 
sequent experiment at 50®C., falling progressively in pressure at 50®C. 
from over 40 to 30.5 mm.; (4) that, with different hydrate pairs, the 
abnormality is the greater the lower the dissociation pressure for the same 
temperature; (5) that, if the material for investigation must be prepared 
by efflorescence, the anomaly is best avoided by preventing undue access 
of water vapor to the material prior to measurements. 

TABLE 1 


Dissociation pressures for the system SrCl2-2H20 SrCl2*H20 -f H 2 O 


i 

INITIAL AND FINAL CON- 
CENTBATION OF H 2 SO 4 

RELATIVE VAPOR 
PRKASURE 

P 

•c. 

per cent 


mm. 

25 

80-^65.8 

9 02 

2.14 


65 66.3 

8 45 

2 01 

50 

66-^64 0 

13.2 

12 2 


54-^64 0 

13 2 

12 2 

75 

63 60 6 

20 7 

59.7 


55~^60 7 

20 5 

59 3 

90 

59 58 4 

25 9 

136 1 


42 58 1 

26 6 

139.6 

100 

65 ^ 56 3 

31 1 

236.0 


45-^56 2 

31.3 

237.7 

no 

61 54 4 

36 1 

388.2 


52-^54,2 

36 6 

393.6 

125 

52 50 3 

46 0 

803.5 


43 50 5 

45 6 

794.3 

130 

50-^49.4 

48.2 

975.0 


45 — 48.8 

1 

49.2 

997 7 


Hydrates which (in the presence of the next lower hydrate) have, if 
improperly treated, shown this anomaly in the present work are the fol- 
lowing: cupric sulfate trihydrate and the dihydrates of barium chloride, 
barium bromide, and strontium chloride. 

It is hoped to correlate these experimental findings in the light of better 
knowledge of crystal structure. 

DETAILS OF ONE SERIES OF MEASUREMENTS 

In table 1 we give details of our measurements upon a single system, 
namely SrCl2-2H20 SrCl2*H20 + H 2 O. In the second column are 
stated the initial and final concentrations of sulfuric acid in the two experi- 



TABLE 2a 


Aqueous vapor and dissociation pressures of cupric sulfate hydrate systems 


ttn^C. 

P ! 

OALOD. j 

P 

OBSD. 

P (found by 

OTHBHS) 

t IN •€. 

P 

CAXxn>. 

P 

OBBD. 

P (rOXTND BY 
OTKBBS) 

CUSO 4 , saturated solution 


Solid phase 

: Cu80«-5H,0 | 






25 

23.1 

23.0 

23.16 (38) 

95 

550.8 

550.8 





23.1 




552.1 






30.93 (38) 

95.88 

568.7 

(transition tempera- 

35 






1 ture) 



40 

53.3 


63.39 (38) 

1 Solid phase: CuS 04 * 3 Ha 0 

45 

68.9 



100 

656.1 

656.1 

1669.7 (38) 

50 

88.1 





659.2 



55 

111.4 

111.4 


105 

775.0 






111.4 




f 909.9 



60 

140,1 


140.9 (38) 

110 

911.6 

\ 909.9 



65 

174.7 



115 

1067. 

1067. 



70 

216.2 


215.5 (38) 



1067. 



75 

265.6 



116 6 

Ills. 

(transition tempera- 

80 

323.8 


320.6 (38) 



ture) 



85 

391. « 

390.8 

oni '7 


1 Solid phase: CuS 04 *H 20 

90 

466.6 

oyl .7 

465.6 

464.9 (38) 

120 

123a. 






466.7 


125 

143t. 

1435. 

1439. 




CuS04-5H20 CUSQ 4 3 H 2 O + 2 H 2 O 


25 

7 . 82 * 

7.82 

7.6 (44) 

65 

60.16 





7.82 

7.77 (22) 

60 

81.56 


83.4 (6) 




7.78 (35) 




80.8 ± 1.5 (23) 




7.8 (6) 

65 

109 6 






7.92 (29) 

70 

146.0 



30 

11. 3o 

11.30 


75 

192.0 





11.30 


80 

252.8 



35 

16. 14 


16.3 (20) 

85 

328.6 



40 

22.77 



90 

424 6* 

424.6 

432.7 (6) 

45 

31.81 





424.6 


60 

43.97 

44.2 

44.9 (6) 

95 

544.6 





44.0 


95.88 

568.7 

(transition tempera- 







ture) 



CuS04-3H,0 CUSO4 H2O + 2H2O 


25 

5.18* 

5.09 

5.6 

(6) 

70 

104. 0 





5.20 

4.7 

(11) 

75 

138.4 






4.5 

(44) 

80 

182.6 


182. (6) 

30 

7.5, 

7.60 



85 

238.7 





7.60 



90 

310.6 



35 

10.81 

10.9 

11.7 

(6) 

96 

400.7 





10.7 

10.73 

(20) 

100 

513.8 

611.4 


40 

15. 5o 






616.8 


45 

21.81 


22.0 

(6) 

106 

654.0 



50 

30.4o 

30.3 

30.3 

(6) 

110 

827.4 

837.6 




30.8 1 





831.8 


55 

41. 9i 




116 

104o.* 

1023. 


60 

57.27 






1038. 


65 

77.62 


77.1 

(6) 

116.6 

Ills. 

(transition tempera- 








ture) 
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TABLE 2 b 


Aqueous vapor and dissociation pressures of barium chloride hydrate systems 


i 

p 

P 

P (found by 

t 

P 

P 

P (found by 

IH ®C. 

CALCD. 

OBSD. 

OTHBRS) 

IH*C. 

CALCD . 

OUSD 

othsbb) 


BaCL, saturated solution 


Solid phase: BaCls‘2H20 


100 

639.7 

639.7 









639.7 


26 

21.4 


21.4 

(39) 

101.9 j 

684.1 

(transition tempera- 

30 

28.6 


28.6 

(39) 



ture) 

35 

37.7 


37.7 

(39) 




40 

49.3 


49 3 

(39) 

Solid phase: BaCL-HaO 

45 

63.8 


63.8 

(39) 





50 

81.9 


81.7 

(39) 

105 

761. a 



65 

103.2 




no 

901 6 

901 6 


60 

131.1 






901.6 


65 

163.6 




115 

1064. 



70 

202.8 




120 

129a. 



75 

249 6 

249.5 



125 

146o. j 

1462. 




248 9 



1 


1459. 


80 

304.4 




130 

169o. 

1687. 


85 

369.7 






1694 


90 

445.9 








95 

535 8 1 

535 8 









535.8 j 








BaCl2-2H20 5=± BaCL-HaO + HjO 


25 1 

4.99 

4 70 

5 73 (1) 

50 

31 94 

31.8 




6 44 

4 8 (11) 



31.8 


i 



5 5 (35) 

55 

44 78 



i 



5.26 (28) 

60 

62 O9 






5.2 (12) 

60.1 



57.5 ± 1. (23) 




5 8 (44) 

65 i 

85.29 



30 

7 4i 



70 

116.1 



33.8 

9.92 


10 0 (15) 

75 

156 7* 

156 7 


35 

10 8e* 

10 9 




156.7 




11.8 


80 

209.6 



40 

15.74 


15.78 (1) 

85 

277.7 



45 

22 54 



90 

366.1 







95 

478.4 







100 

621.9 

620.9 








620.9 






101.9 

684.1 

(transition tempera- 







ture) 



BaCla -HaO 

BaOla HaO 


50 

1.3i 



90 

30.58 



55 

2 Oa 



95 

43. li 



60 

3 O9 



100 

60 39“^ 

60.4 


61.5 

3 65 


3.1 (15) 



58.6 


65 

4 68 



105 

83.76 



66.5 

5.28 


5.4 (15) 

no 

115.2 

115 3 


70 

6.9* 





116.4 


74.5 

9.8a 


10. (15) 

115 

157.1 



75 

10. 2i 



120 

212.7 



80 

14.86 



125 

285.8* 

280.5 


85 

21 .37 





285 8 






130 

380.9 
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TABLE 2o 

Aqueovs vapor and dtaaocicUion pressureM of barium bromide hydrate eyeteme 


t 

IK *0. 

P 

QMjOD. 

p 

OBBO. 

P {foukd by 
otbbrb) 

t 

IN -C. 

P 

CAJJCD. 

P 

OBBD. 

P (rOUKD BY 
othbbb) 

BaBr 2 i satui 

1 

ated solut 

1 1 

ion 

1 



Solid phase: BaBr 2 ‘ 

2H,0 

80 

85 

90 

95 

100 

105 

107.9 

245.8 

297.8 

358.8 

429.0 

511.7 

605.8 

664.8 

299.9 

299.2 

358.9 
358.9 

507.0 

510.5 

605.3 

606.3 
(transiti 

ture) 

on tempera- 

25 

30 

35 

40 

45 

17.8 

23.6 

31.1 

40.3 

52.0 

17.8 

17.9 

23.7 
23.6 

30.8 

31.0 

52.1 
52.1 


50 

66.3 



Solid phase: BaBra* 

HtO 

55 

84.2 













60 

105.8 



110 

722.8 

722.8 


65 

132.1 

131 5 




727.8 




132.4 


115 

856.7 



70 

163.8 



120 

979.8 



75 

201.1 



125 

115i. 

1148. 








1151. 



25 

3 . 7 , 

2.71 


70 

85.98 





4.58 


75 

116.8 

116.9 


30 

5.58 





117.8 


35 

8 .I 0 

7.82 


80 

154.8 





9.02 


85 

205.1 



40 

11.7, 





RiW 


43.3 

14.5 


10.0 (16) 

90 

270 . 0 



45 

16.7. 



95 

352.8 



50 

23.74* 

23.4 


100 

467.5 

460.3 




23.6 






55 

33.2, 



105 

588.8* 

580.8 


60 

46. Oe 





582,1 


65 

63. 2i 

63.2 


107.9 

664.8 

(transition tempera- 



63.8 




ture 


BaBr2-H20 BaBr2 + H 2 O 

50 


■mV 

■■■ 

95 

■RMI 



55 




100 




60 




105 




65 




110 


22.5 


70 

Vi 



112.8 



10.0 (16) 

75 




115 

28.4 



80 

V 



120 

35.8 



85 




125 

44.7* 

44 7 


mm 

HO 

HH 

■■ 

130 

55. 5 
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TABLE 2d 

Aqueous vapor and dissociation pressures of strontium chloride hydrate systems 


p 

P 

P (found by 

t 

P 

P 

CAIiCD. 

OBBD. 

OTHBRS) 

IN *0. 

CALCD. 

OBBD. 


t 

IN*C. 


P (found by 

OTHBBS) 


SrCli, saturated solution 


70 

127.8 


75 

157.8 

157.8 

158.1 

80 

193.2 


85 

235., 


90 

285.4 


95 

344.3 


100 

414.0 

414.0 

413.0 

105 

494 1 


110 

584 9 

583.4 

583.4 

/688.7 

115 

687.4 

\688.7 

120 

797., 


125 

922 6 

918.3 

922.6 

130 

1047. 

1047. 

1047. 


Solid phase: SrCL-dHaO 



22.0 
22 0 
28.4 
28.4 


56.2 

66.4 

/84.7 

184.5 


( transition temp. 

\detd. by Richards 
ftrans. temp, from in- 
\terscction of curves 


Solid phase: SrCla ^HaO 


65 

103 . 0 

103 0 

103 0 



SrCl 

25 

8 . 36 * 

8 32 
8.37 

30 

11.96 


35 

16,89 

16.8 

17.1 

40 

23.62 



SrCla-dHaO SrCL ^HaO + 4H2O 


8.37 (2) 

7 5 (12) 

8.4 (5) 

8 52 (35) 
6,35 (15) 


45 

50 

55 

60 

61.34 

61.6 


32. 7o 

44.81 

60.7. 

81 . 76 * 

88.37 

89.74 


44.2 

45.0 

82.0 
81.5 

Richards trans. temp, 
ftrans. temp, from in- 
\tersection of curves 


SrCla-2H20 SrCU HjO + H 2 O 


25 

1.9o i 

2.14 


85 

105.9 


i 


2 01 


90 

139 6 

136.1 

30 

2.82 





139.6 

35 

4.1. 


2.09 (15) 

95 

182 4 


40 

5 9o 



100 

236.9* 

236 0 

45 

8.56 





237.7 

50 

12. 2o* 

12.2 


105 

305 1 




12.2 


110 

390 7 

388.2 

55 

I7.O4 





393 6 

60 

23.66 



115 

496.8 


65 

32.49 



120 

628.3 


70 

44.24 



125 

790.1 

803 5 

75 

59.72 

59.7 




794.3 



59.3 


130 

987.2 

975.0 
997 7 


389 
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TABLE 2e 


Aqueous vapor and dissociation pressures of strontium bromide hydrate systems 


i 

P 

P 

P (found by 

■M 



P (found by 

IN *0. 

OALOD. 

OB8D. 

OTHBBS) 

WEBi 



othbrb) 


SrBr 2 , saturated solution 


Solid phase: SrBr 2 * 6 HaO 


25 

14.0 







30 

17.9 



35 

22.8 

22.8 




23.1 


40 

28.8 



45 

35.9 



50 

44.5 

f 44.6 
\ 44.4 


55 

54 6 



60 

66.6 



65 

80.0 



70 

94.7 



75 

111.2 



80 

127.6 

127,9 

127.4 



84.5 

125.6 

125.9 

125.6 


85 

105.7 



85.5 

123. s 

123.0 

123.6 


88.0 

118.2 

(transition tempera- 



ture) 



Solid phase: SrBra-HaO 


90 

128.5 

128.5 

130.3 

95 

155.6 

153.5 

155.6 

100 

187.1 

185 4 
189.7 

105 

224.8 


no 

268.5 

266.1 
263 0 

115 

319.0 


120 

378.1 


125 

447.7 

453.9 

450.8 


SrBra-OHaO SrBra-HjO + 5H2O 


25 

2 .I 5 * 

2.14 


70 

43. 7i 





2.17 






30 

3.1, 



75 

58.22 

56.6 








58.8 


35 

4.54 

4.62 


80 

76.88 





5.00 






40 

6.47 



85 

100.6 



45 

9. la 



85.5 

103.5* 

103 8 








103.8 


50 

12.7a 

12.5 

12.0 (15) 

86.5 

109.1 

108.9 




12.8 




108.9 


55 

17.56 



88.0 

118.2 

(transition tempera- 

60 

24 . 02 





ture) 

65 

32.55 







ments which were made at each temperature. One of these initial concen- 
trations (tabulated above) was higher, the other (tabulated below) lower 
than the final concentration. In the third column are stated the relative 
aqueous pressures of acids of these final concentrations, taken from the 
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work already published (8). In the fourth column under P is stated the 
actual aqueous pressure in millimeters of mercury at 0°C. and standard 
gravity. 


TABLE 2f 


Aqueous vapor and dissociation pressures of calcium chloride hydrate systems 


t 

P 

p 

P (FOUND BY 

t 

P 

P 

P (pound by 

IN -C. 

CAJjCO. 

OB8D. 

othbbb) 

IN -C. 

CAIOD. 

OB8D. 

OTHBB8) 


CaCL, saturated solution 


Solid phase: CaCL *61120 


25 

6 7, 

6 73 

6.7 (33) 



6.92 

6.97 (16) 

29 

7 .I 0 

7.24 

6 9 (33) 



7.02 

7.33 (16) 

30 

7 .O 3 

7 24 

6 7 (33) 



7.03 

6 88 (16) 

30 

(transition temperature) 


Solid phase: CaCl2*4aH20 


35 

8 65 

8 65 

8.6 (33) 



9.02 

8 63 (16) 

40 

10 5 

10.6 

10 4 (33) 



10.4 

10.53 (16) 

45 

11.7 

11 7 

11 7 (33) 



11 7 

11.9 (16) 

45.4 

11 68 

(transition tempera- 



ture) 



Solid phase: CaCl2-2H20 


50 

15 4 

15.4 

16.5 (33) 



15.4 

15.5 (16) 

55 

19.8 



60 

25.3 



65 

32.1 



70 

40.2 



75 

51 3 

49 4 

54.0 (33) 



49.4 

51.3 (16) 

80 

62.0 



85 

76 0 



90 

92.9 



95 

112.4 



100 

135.2 

135.2 

145. (33) 



135.2 

138. (16) 

105 

161.7 



110 

192.8 

192.8 

192.8 


115 

226.6 



120 

265.8 



125 

309.7 

309.7 

1 309.7 

308. (16) 


CaCl2*4aH20 CaCl2*2H20 -f 2 H 2 O 


25 

2 5.* 

2.58 

2 56 

3 4 

(33) 

40 

7.96 

7.93 

8.19 

8.5 (33) 

30 

3 7. 

3 66 

3 61 

4.6 

(33) 

45 

11 36* 

11 3 
11.5 

11.0 (33) 

35 

5 5, 

5 47 
5.66 

6 3 

(33) 

45 4 

11.68 

(transition tempera- 
ture) 


INTERPOLATION, SMOOTHING, AND TABULATION OF RESULTS 

In order to obtain values for temperatures other than those observed 
and to smooth the observed values we used two methods (A and B) . 

Method A. For dissociation pressures of the salt hydrate systems an 
equation of the form 




logloP ^ A -^B/T 
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fits the observations sufiBciently well over our temperature ranges. In 
selecting constants for such equations, smaller weight was given to lower 
temperature observations which were less reliable for the reasons advanced 
above. The pressure values yielded for 5®C. intervals by the equations are 
shown under “P calcd.” in the second columns of tables 2a to 2f, where the 
two starred pressures are those used in defining the straight line; these are 
followed in the third columns by our observed values, two for each tempera- 
ture studied, in the order stated above; and in the fourth columns by values 
observed by other investigators. In table 3 are shown the values of the 
constants A and B of the above equation for the hydrates studied, and also 
the latent heat of vaporization, L, per mole of water as derived from these 
equations with the customary simplifying assumptions. 

Method B. For saturated salt solutions it is not usually possible to 
represent the facts by an equation of the type N. This is at once apparent 

TABLE 3 


Constants for the type N equations and the latent heats of vaporization per mole of water 


BTSTBlf 

A 


L 

CALCULATED 

CuS04&-~3H,0 

10.5844 

2888.93 1 

13.2a 

CuS04 • 3 — IHjO 

10.6446 

2960.16 1 

13.63 

BaCl,-2— 1H,0 

11.1212 

3107.24 

14.29 

BaCl,l-OHaO 

12.5306 

4010.70 

18.46 

BaBff • 2 — IHgO 

10.9623 

3097.61 

14.17 

BaBra • 1 — OHaO 

9.2600 

3029.47 

13.94 

8rCla-6~2HaO 

10.3626 

2811.35 

12.9s 

SrCla-2— IHaO 

10.7065 

3108.73 

14. 3o 

SrBra-6 — IHaO 

10.3020 

2971.73 

13.67 

OaOla * 4cic“~2HaO 

10.6918 

3066.43 

14. lo 


when one learns that the curves representing the experimental results 
plotted with log P as ordinate and 1/T as abscissa sometimes exhibit a 
maximum. This has been observed by three earlier workers (39, 10, 33) and 
was found by us in two cases, those of saturated solutions of CaClj-fiHsO 
and of SrBrj • 6H*0. When no maximum appears, the curvature neverthe- 
less often changes more rapidly as a transition temperature is approached. 
The reason for this may be appreciated on recalling that the slope of such a 
curve is proportional to the work of removing liquid water from the solu- 
tion and converting it to vapor. In the case of a saturated salt solution, 
removal of water necessitates conconoitant deposition of solid salt, a process 
in which energy may enter the system, so that the work for vaporization, 
considered as a whole, may legitimately become zero or change sign. 

For this reason we were obliged to use graphical interpolation and 
smoothing. Instead of interpolating directly from the smoothed curves 
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of log P versus 1/T a more sensitive method was used. In this method the 
pressures at the observed temperatures are calculated on the temporary 


TABLE 4 

Heats of vaporization per gram of water from the saturated solutions 


<IN *0. 

H 2 O 

Cu804-6Ha0 

BaCl»'2HsO 

BaBrt 2HtO 

SrCh 6 H 2 O 

SrBrs 6 H 3 O 

CaCh 6 H 2 O 

25 

583 

557 

583 

552 

521 

486 

249 

28.5 

581 






0 

30 

580 






-81 








CaCb 4 aH 20 

35 

577 






449 

45 

572 






246 








CaCh 2 H 2 O 

50 

569 

553 

561 

550 

489 

467 

575 

60 

564 




476 








SrClj 2H»0 



65 

561 




545 



75 

555 

540 

540 

550 

546 

379 

571 

82 3 

550 





0 


87 

548 





-261 








SrBrs U 2 O 


90 

546 





529 


95 

543 

488 








CuSOi-SHsO 






100 

540 

507 

540 

521 

540 

548 

570 




BaCls HtO 





105 

537 


543 

506 








BaBrs HtO 




110 

533 



513 




115 

530 

502 








CuSOi HjO 






120 

526 

517 






125 

523 

515 

522 

515 

453 

614 

515 


assumption that log P is a linear function of l/T. This assumption not 
being true, there was a difference between the logs of the observed pressures 
and those so calculated. These differences were plotted as a function of 
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the temperature, and by the aid of the smooth curve connecting them the 
pressures were calculated for intervals of 6®C. 

To obtain for the saturated solutions approximate values for Q, the heat 
of vaporization per gram of water, we made use of the relation already 
discussed in the case of sulfuric acid (8). The values of Q at various 





Fig. 2. Aqueous vapor and dissociation pressures in the systems strontium 
bromide-water and strontium chloride-water. (For the strontium bromide-water 
system subtract 1.0 from the log P scale.) 

temperatures as arrived at in this way are set down in table 4, which shows 
the changes which take place in Q in the vicinity of a transition point. Q 
for water is given for comparison. 

Because of the interest of their dissimilarity, graphs with log P as ordi- 
nates and 1/r as abscissas are exhibited in figure 2 for both aqueous 
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pressures of saturated solutions and for dissociation pressures of the solid 
hydrates in the two systems strontium chloride and strontium bromide 
with water. 

DISCUSSION OF ERROR 

SuflScient data have been presented here and elsewhere (8) to enable one 
to make stepwise an estimate of a minimum probable error for an indi- 
vidual reported value of pressure, but it is more practical to compare the 
actual results of a number of duplicate experiments. When this is done, 
and the improvement due to smoothing taken into account, it is seen that 
errors in the tabulated smoothed values of pressures should, unless at low 
pressures, seldom exceed by 1 per cent the percentage errors of the pub- 
lished (16) vapor pressures of water which were taken as standard. We 
are encouraged to believe that serious systematic error is absent because of 
our essential agreement with the best results of a few others who have 
used different methods with due precaution. 

REMARKS ON THE INDIVIDUAL SYSTEMS AND THEIR TRANSITION 
TEMPERATURES 

Cupric sulfate. Our observations are not sufficiently numerous to indi- 
cate a transition in the pentahydrate at 56°C., as reported by Cohen (7). 
The values quoted in table 2a for Wilson^s observations are the values of 
aqueous pressure corresponding to his stated equilibrium concentration of 
sulfuric acid as converted by the table published by Collins (8), and not 
from Wilson^s similar table (45). We determined the transition tempera- 
ture of pentahydrate to trihydrate by the heat effect, using a method similar 
to that of Richards and Yngve (31), and measuring temperature by a 
platinum resistance thermometer. Sharp arrests were obtained both on 
heating and on cooling at 95.88 zh 0.02°C. This is in agreement with the 
point of intersection at 95.9 it 0.1°C. of the dissociation pressure curve 
of the pentahydrate with the vapor pressure curve of the saturated solu- 
tion. International Critical Tables give 95.7 zt 0.2°C. The transition 
temperature between tri- and monohydrate is defined as 116.6 zt 0.2°C. 
by the point of intersection of our curve for the dissociation pressure of the 
trihydrate with the vapor pressure curve of the saturated solution. 

Barium chloride. The transition temperature between the di- and the 
monohydrate was directly determined from the heat effect as above 
described, and found to be at 101.94 zfc 0.05°C., in agreement with the 
intersection of the appropriate aqueous vapor curves at 101.9 it 0.1°C. 
For the dissociation pressure of the monohydrate values of 2.5 (11), 2.4 
(25), 2.9 (28), and 1.1 mm. (34) have been reported for 25°C. These 
values are presumably all high, for the reasons outlined above. Extra- 
polation of our rectilinear relation yields only 0.12 mm. 

Barium bromide. Direct determination by the heat effect of the transi- 
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tion temperature between di- and monohydrate yielded 107.91 zb 0.05®C., 
while the appropriate aqueous pressure curves cut at 108.0 zb O.l^C. 
The values given for the dissociation pressures of the monohydrate are 
tentative, since equilibrium was attained from only one direction. 

Strontium chloride. The transition temperatures at 61.6®C. and 132.5°C. 
found, the latter by extrapolation, from the intersection of the appropriate 
aqueous pressure curves are in only fair agreement with the values of 
Richards and Yngve (31) at 61.34®C. and of Menzies (unpublished work on 
solubility) at 135.6®C., respectively. 

Strontium bromide. There has been uncertainty in the literature as to 
the existence of a dihydrate. Richards and Yngve believed that the transi- 
tion which, as a preliminary result, they set at 88.62°C. was from hexa- 
hydrate to, possibly, dihydrate. In dehydration experiments we found 
no evidence for a dihydrate. Repeating their determination of the 
transition point, we obtained 88.0 zb 0.1°C., and found by analysis that the 
product of the transition was the monohydrate. Of a series of samples 
which we dehydrated so as to obtain products of gross analysis correspond- 
ing to 4.5, 3.5, 2.5, 1.8, 1.3 and 0.6 H 2 O with SrBr 2 , all gave identical disso- 
ciation pressures except the last, whose pressure was lower. Since our 
work was completed, the same conclusion as to the absence of a dihydrate 
has been reached by others (15). 

Calcium chloride. The transition temperatures as tabulated were arrived 
at from curve intersections, and are in good agreement with the values 
given in International Critical Tables. 

SUMMARY 

An isopiestic method has been described for measuring aqueous vapor 
and dissociation pressures by equilibration with aqueous sulfuric acid 
solutions. 

Because the aqueous pressures of the reference solution vary with 
temperature in a manner very similar to that of the substance under 
investigation, the need for close constancy of long-continued temperature 
control is much relaxed in stringency, and this makes for experimental 
simplicity especially at temperatures above 100®C. 

Experiments are conducted in common test tubes which are sealed, thus 
ofifering no greater difficulty for pressures above one atmosphere than 
below. 

To illustrate the unusual breadth of range in temperature and pressure 
thus made easily accessible, six salt hydrate systems were examined and 
reported upon for temperatures up to 130®C. These include, in anhydrous 
and various hydrated forms, the chlorides of barium, strontium, and 
calcium, the bromides of barium and strontium, and cupric sulfate. For 
each salt pressure equilibrium values have been tabulated for the various 
xmivariant and many of the invariant systems formed with water. 
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Heats of vaporizatioa of water from the several hydrates and from their 
saturated solutions have been evaluated. 

Causes for difficulty of attaining true equilibrium values in such measure- 
ments have been discussed. 
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Part I. Description, Theory, and Theoretical Advantages of the 

New Cell 

Recent electrophoretic studies have involved the use of closed type cells, 
of either rectangular or circular cross section. The theory and use of such 
cells have recently been reviewed by Abramson (1). In both of these 
types the liquid returns along the axis of the cells, the velocity of the liquid 
being a parabolic function of the depth. The actual electrophoretic 
velocity can be obtained from observations at certain depths. However, 
at these depths the velocity gradient is large; the observed velocity changes 
rapidly with depth, and inaccuracy results. 

The new cell described in this paper consists of two tubes in parallel 
between the electrodes, the dimensions of the tubes having a relation such 
that return flow takes place only through the tube of larger radius ; there is 
no movement of the liquid along the axis of the tube of smaller radius, 
hence the velocities observed at the one-half depth in this tube are the 
actual electrophoretic velocities. At this depth the velocity gradient is 
zero, so that a slight inaccura(;y in determining the depth of observation 
produces no appreciable change in the observed velocity of the particles. 

description op apparatus 

Diagrams of the apparatus are shown in figure 1. The essential parts of 
the apparatus are two fused quartz tubes, Ti and T 2 , used in parallel, two 
end tubes having stopcocks for filling the apparatus, and electrodes. 

The dimensions of these two quartz tubes should have the relation 

L 2 /L 1 = A^(A^ - 2) 

1 The data in this paper are taken from a thesis submitted by Margaret E. Smith 
to the Faculty of the Pennsylvania State College in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy, June, 1935. 

* Authorized on July 27, 1935 for publication as Paper No. 698 in the Journal Series 
of the Pennsylvania Agricultural Experiment Station. 
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where A « Hi/Ei, and L 2 , Li, JBs, and Bi are the lengths and radii of tubes 
T 2 and Ti, respectively. The development of this equation is given in the 
section concerned with the theory of the cell.* 

The procedure followed to obtain tubes of the correct dimensions was 
as follows: Tube 1 was ordered according to certain specifications/ viz., a 
capillary tube of good optical quality fused quartz, outer diameter approxi- 
mately 3 mm., bore 0.5— 0.7 mm., three sides of the tube to be ground off 
giving two parallel planes and one at right angles to these, thus allowing for 
observation, and for illumination either from the side or from underneath 
as desired. A diagram of the cross section of the tube is also shown in 



TOP VIEW 



Fig. 1. Diagrams of the new double-tube cell for determination of 
electrophoretic mobilities 

figure 1. The dimensions permissible for the cross section of this tube are 
limited by the working distance of the optical equipment to be used. 

The bore of tube 1 was carefully determined by calculation from the 
length and weight of a column of mercury placed in the tube. Then a 
length of tubing was ordered from the stock supply of fused quartz tubing, 
with the specification that its bore should be uniform, and within the range 
of 1.6 to 1.6 times that of tube 1. The bore of this tube was determined 
in the same manner as described for tube 1, and the desired length cut off 
for tube 2. 

* The authors are indebted to Dr. Turner L. Smith of the Carnegie Institute of 
Technology, Pittsburgh, Pennsylvania, for the suggestion of the new cell and 
development of the theory concerning it. 

* The quartz tubes were obtained from the Thermal Syndicate, Ltd., Brooklyn, 
New York. 
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Thus, if Ti has a length of 10 cm., a radius of 0.3 mm., and T 2 has a 
radius of 0.48 mm., the length of T 2 is given by 

L 2 = 10 X 1.62(1.62 -- 2) 


or L 2 = 14.34 cm. 

It is essential that tubes 1 and 2 be of the same material, since develop- 
ment of the theory of the cell assumes like surface conditions in the two 
tubes. Quartz was selected for these tubes, since (a) an optically good 
plane surface can be obtained through grinding and polishing of the quartz, 
and (b) the indices of refraction of quartz and water are more alike than 
those of glass and water, hence there should be less distortion of the 
images. 

The quartz tubes were then inserted into two-hole rubber stoppers, 
making sure that the two tubes were far enough apart so that the larger 
tube would not interfere with the use of the objective and condenser on 
the microscope, and sealed into the stoppers with deKhotinsky cement. 

The end tubes were of Pyrex glass tubing, with Pyrex glass stopcocks 
added for filling. The exact dimensions used are not important; in this 
case the length was approximately 12 cm. and the bore 1.8 cm. 

The electrodes used were circular platinum disks, with wires attached 
leading through the rubber stoppers for connecting to the source of poten- 
tial. In case solutions are used in which polarization occurs readily, non- 
polarizable electrodes should be used. 

OPERATION OF CELL 

Operation of the cell involves the same technic as in the operation of 
other cells for microscopic observation of electrophoretic movement, except 
that the microscope is focused on the one-half depth in the tube of smaller 
radius. Hence the procedure is discussed here only in brief. 

An apparatus resting on three leveling screws was built for holding the 
cell; this gave a simple means of adjustment for getting the plane of the 
cell parallel to the surface of the condenser. After the cell is filled with 
suspension and placed in position the electrodes are connected to the 
source of potential. A double-throw switch allows for frequent reversal 
of the current, thus preventing polarization. A milliammeter may be 
connected in series with the cell if desired. 

The mobility of the particles (velocity per unit potential gradient) can 
be determined if the potential gradient is known. Since the radii of tubes 
Ti and T 2 are much less than the radii of the end tubes, for most work the 
fall of potential through the end tubes can be neglected. Then the poten- 
tial gradient through the tube where observation is made is given by 
where E is the total fall in potential between the electrodes, measured 
with a voltmeter in parallel with the cell, and Li is the length of Ti. 
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If a greater degree of accuracy is warranted, the potential gradient can be 
calculated more exactly from the dimensions of the apparatus. The use 
of this method in reference to electrophoretic cells is discussed by North- 
rop (3). Measurement of the current allows for another method of calcu- 
lating the potential gradient; this method is discussed by Abramson (1). 

For cleaning the apparatus, the rubber stoppers are removed from the 
end tubes. The two quartz tubes are left sealed in the two-hole stoppers. 
These tubes can be filled with water, alcohol, ether, or cleaning solution as 
desired with the aid of a hypodermic syringe; also, if desired, a small wire 
(insulated, thus preventing scratching of the surface) can be passed through 
the tubes. The end tubes and the electrodes are also cleaned. Thorough 
rinsing of the apparatus is very important, since small traces of electro- 
lytes markedly affect electrophoretic potentials. 


THEOBY OP THE CELL 

1. General theory of ehctrosmotic flow in tubes 

The theory of electrophoresis cells assumes that the liquid is electrically 
neutral except for a charged layer lying very close to the wall of the cell. 
The electric field which is applied causes motion in this layer; this is 
defined as electrosmosis. Owing to the viscosity of the fluid, the motion of 
this layer induces a motion of the entire fluid in the cell. This motion is 
assumed to be both steady and nonturbulent. 

The theory of tubular electrophoresis cells may be derived in the follow- 
ing manner. Consider the portion of the liquid inside a cylinder coaxial 
with the tube but of smaller radius. Electrosmotic movement of the 
liquid results in a difference in pressure at the ends of the tubes; the re- 
sultant force acting on the ends of the cylindrical portion of the fluid is 
just balanced by the shearing stress on the cylindrical surface, caused by 
the viscosity and thus proportional to the rate of change of velocity with 
the radius. This balance is expressed by the equation 


2wrLri 


dr 


= 7rr*P 


which gives on integration 


Vw — 


^riL 


r*+ C 


( 1 ) 


in which Vw denotes the velocity of the liquid, P the difference in hydro- 
static pressure at the ends of the tube of len^h L, if the coefficient of vis- 
cosity of the liquid, and r the radius of the tube of flow being considered. 
This equation is the fundamental equation for flow of liquids in tubes; its 
development is foimd in treatises concerned with hydrodynamics of liquids 
(see Lamb (2)). 
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In the case being considered, the constant C can bo evaluated from the 
condition that the velocity of the liquid at the wall of the tube is tlu' 
electrosmotic velocity; that is, when r ^ R^vw = VeEIL, where R denotes 
the radius of the tube, Ve the electrosmotic mobility of the liquid, E the 
applied electromotive force, and L, as above, is the length of the tube. 
Hence equation 1 becomes 

"-IS ® 

The total volume, Wy of liquid transported per unit time across any 
section is given by 

W = j Vyy^2irr dr 

Substituting in this the value of Vw given in equation 2, and integrating, 
we obtain 



Equations 2 and 3 are the general equations for the velocity of eh'c- 
trosniotic flow of liquids and the volume of liquid transported by el(‘c- 
trosinosis in cylindrical tubes. 

2. Theory of electrophoresis in a smgle closed tube 

The observed velocity, Fobsd , of a particle at any depth in the tube will 
be the sum of the actual electrophoretic velocity, Uy and the velocity of 
the liquid, i.e., 

Fobsd. == 1/ “f* (4) 

In a single closed tube, the total volume of liquid transported in one 
direction is zero. When W = 0, from equations 2 and 3 we obtain the 
equation for the velocity of the liquid in a closed tube 



The depths at which there is no movement of the liquid are found by 
setting Vw = 0 in equation 5; this gives 

r = ± 

Focusing at these depthj, the observed velocity is the actual electrophoretic 
velocity of the particles. 
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Actual electrophoretic velocities can also be obtained in another manner, 
thus, 

j Fobad.*27rr dr = j U •2irr dr + j Vw-2irrdr (6) 

In a closed tube the total volume of liquid transported, represented by 
the last term in the preceding equation, is zero; hence equation 6 becomes 

t/ = j|V.b.d.-rdr (7) 

Therefore, by taking readings at various depths in the cell, an approxi- 
mation of the actual electrophoretic velocity can be obtained. 

By substituting r = 0 and r = in turn in equation 5, it appears that 
the velocity of the liquid at the axis of the tube is equal in magnitude but 
opposite in direction to the velocity of the liquid at the wall of the tube, 
i.e., to the electrosmotic velocity, VeE/L, Hence by use of equation 4 we 
obtain 

VeE/L = t/ -- F'obsd. (8) 

where F obsd. is the observed particle velocity in the single tube cell at 
depth r == 0. Thus the electrosmotic velocity can be calculated if the 
observed particle velocity at the one-half depth and the electrophoretic 
velocity are known. 

S. Theory of cell consisting of two tubes in parallel 

Consider two tubes of different radii in parallel between two electrodes. 
Let Ti denote the tube of smaller radius, and T 2 that of larger radius. The 
general equations 2 and 3 for the velocity and volume of liquid transported 
apply; subscripts will be used to refer to the dimensions of these two tubes, 
as Li for the length of I’l, Ri its radius, etc. The actual electrosmotic 
mobility, F«, will be the same in both tubes, since the tubes are of the same 
material; also, the applied e.m.f. and the difference in pressure, denoted by 
E and P, respectively, will be the same in both tubes. 

The total volume of liquid transported in one direction in the two tubes 
is zero; hence from equation 3 we obtain 



We wish to determine conditions such that there will be no movement of 
liquid along the axis of the smaller tube. The velocity at this depth can 
be obtained by setting r = 0 in equation 2. This gives 
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, . , ^ PB? , VeE 

Vw along axis of Ti = —7-— + -r- 

^71 Li Li 


When this velocity = 0, 


4 i 7 


This value substituted in equation 9 gives on simplification 
RtL^ + 2RlRlL, ~ RtL^ = 0 

Solving this for L2, 

L,iRt - 2RlRl) 


Lo = 


Rt 


( 10 ) 

( 11 ) 


( 12 ) 


Let the ratio of the radii, R2/R1, be denoted by A, Then equation 12 
(^an be written in the form, 


L 2 /L 1 = A^(A^ - 2) (13) 

If tubes are used whose dimensions satisfy the relations given in equation 
13, there will be no movement of liquid along the axis of the smaller tube; 
velocities observed at this depth will be the actual electrophoretici velocities 
of the particles. 

THEORETICAL ADVANTAGES OF THE NEW CELL 

According to the development of the theory as given, velocity of licjuid 
in tubes due to electrosmosis is a parabolic function of the depth; this is 
evident from the general equation 2, which is of the type vw ^ A r + 7^, 
the constants A and B being dependent on conditions in the tubes used. 

Equation 5 gives the equation for velocity of liquid in a single closed 
tube. This is a parabola, with the velocity at the maximum equal in 
magnitude but opposite in direction to the electrosmotic velocity of the 
liquid. Curves for cylindrical tube type cells are given by Abramson (1). 
At depths given by 

r = ±1 

at which actual electrophoretic velocities are obtained, the velocity gradic'ut 
(change in velocity with depth) is large; hence inaccurate results are 
obtained if a slight error in focusing is made. 

The same condition is present at the levels used for observation in a 
single cell of rectangular cross section; in such a cell velocities arc obtained 
at approximately the one-fifth and four-fifths depths, at which depths 
velocity changes rapidly with depth. 
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For the new cell the condition was stipulated that there should be no 
movement of the liquid at the axis of the tube of smaller radius. The 
velocity of the liquid in this tube expressed as a function of the radius can 
be obtained from equations 2 and 11; this is 

Vtr = Pr^/4:if]Li 

This corresponds to a parabola with the maximum at the points where 
r = 0, and vw = 0. It is evident that the velocity gradient, d^wr/dri, is 
also zero at this point. 

The observed velocity of the particles is the algebraic sum of the ele(v 
trophoretic velocity and the velocity of the liquid. Assuming that the 
electrophoretic velocity is constant, it is evident that the Fob8d.“*depth 
curve is a parabola of the same general form as the Cfr-depth curve; the 
coordinates of the maximum for this curve in the new cell are r = 0 
and FobBfi. = Uy and the velocity gradient at this point is zero. 

Theoretical advantages of the new cell in comparison with a single tube 
cell are dependent on the fact that electrophoretic velocities are determined 
at the maximum of the velocity observed-^lepth curve. They may be listed 
as follows: (a) The proper depth for observation is readily found; since 
observations are made at the depth where the particle velocity is greatest, 
a few readings above and below this depth aid in checking the correct level, 
(b) A slight error in focusing does not result in appreciable errors in 
velocities, since change in velocity with depth is small at points near the 
correct level, (c) Depth of field of view is not as important a factor as 
in the case of a single closed tube, in which particles at a slightly different 
level have noticeably different velocities, (d) Rotational effects on parti- 
cles are at a minimum, since the velocity gradient near the level of observa- 
tion is small. This particular advantage suggests the use of a cell of this 
type for studies on larger particles where the effect of change in velocity 
with depth is a factor which must be considered. 

SUMMARY 

1. A new electrophoresis cell for microscopical observations of particle 
velocities is described; this consists of two tubes in parallel between the 
electrodes. By extension of the general theory of electrosmotic flow of 
liquid in tubes, it is shown that the flow of liquid at the one-half depth in 
the tube of smaller radius can be eliminated if the dimensions of the two 
tubes have a definite relation to each other. Hence, the observed particle 
velocities at this depth are the actual electrophoretic velocities, from which 
the mobilities can be calculated. 

2. In this new cell electrophoretic velocities are given at the maximum 
of the parabolic curve expressing velocity as a function of depth. Advan- 
tages resulting thereby are: (a) DiflSculty in focusing is alleviated, since 
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the observed velocity is a maximuin at the correct level, (b) Slight errors 
in focusing, or errors due to depth of field of view of the microscope, are less 
important than in a single tube cell, since the velocity gradient is small 
near the correct level of observation, (c) Rotational effects of the liquid 
are less in the case of the new cell, since change of velocity with depth is at a 
minimum at the depth of observation. 

Part II. Experimental Comparison of the New Cell and a Cylin- 
drical Tube Cell 

As a means of confirming the theory and construction of the new cell, 
the electrophoretic mobility of quartz particles in distilled water was 
determined by three different methods, as follows: (a) In the new cell, 
actual electrophoretic mobilities being determined from observations at the 
one-half depth in the tube of smaller radius, (b) In a single-tube cell, 
actual mobilities being obtained from observations at depths where theo- 
retically there should be no movement of the liquid, (c) In a single- 
tube cell, observing at various depths, and obtaining an approximate 
value for the electrophoretic mobility. 

experimental procedure and results 
General technic 

Pieces of quartz tubing (the same material as used in the quartz tubes 
of the new electrophoresis cell) were cleaned with cleaning solution, 
thoroughly rinsed with distilled water, then with triply distilled water, 
dried, and ground in an agate mortar. A suspension of this powder was 
made in triply distilled water; this was allowed to settle for about four 
hours, after which the upper portion was siphoned off and used for the 
experiments. The quartz particles in this portion of the suspension were 
therefore small enough to stay suspended for some time. 

Observation was made in Ti (see description of the new cell given in 
Part I), used cither as a single- tube cell or in parallel with T 2 . The cell 
was carefully cleaned before using, and thoroughly rinsed, including two 
rinsings with triply distilled water previous to filling with the suspension. 
The optical combination consisted of a lOx ocular, a 21x (8 mm. 0.50) 
objective, and a cardioid condenser giving dark-field illumination. Obser- 
vations of the velocities were made and mobilities calculated, the potential 
gradient being given with sufficient accuracy by E/L\, where E is the 
applied e.m.f. and Li is the length of Ti. Experiments were carried out at 
room temperature and corrected to a temperature of 25®C. on the assump- 
tion that electrophoretic velocity varies inversely as the viscosity of the 
medium, i.e., f/i; = constant. This would appear probable for suspensions 
of quartz particles, at least for the small range of temperature (25-29°C.) 
concerned in the experiments. 
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Series I 

Six experiments were carried out using the new cell. Each experiment 
consisted of one hundred observations on a suspension of quartz parti- 
cles prepared as previously described; the current was reversed in order to 
prevent polarization after each set of five readings, the microscope re- 
focused after twenty readings, and the cell refilled with fresh suspension 
after sixty readings. The mobilities were calculated, and the arithmetic 
mean (A.M.) and standard deviation (S.D.) of the values determined; these 
values were then corrected for a temperature of 25°C. 

TABLE 1 


Electrophoretic mobilities of quartz particles in distilled water at 26 °C. as determined at 
depths where there was no movement of the liquid in the new celly 
and in a single-tube cell 



AM 

• AND S.D t OF MODI1.ZTIKB IN /vOI.T/CM. 

BXPT. NO. 

Series I- 

-Now cell 

Senes II— Single-tube cell 


A.M. 

S.D. 

AM. 

8D. 

1 

3.55 

0.24 

2.84 

0 60 

2 

2.93 

0.31 

2.76 

0 63 

3 

3.07 

0.21 

3 56 

0 42 

4 

3.14 

0.14 

3 00 

0 42 

b 

2.68 

0.24 

2.83 

0 25 

6 

3 39 

0.22 

2.73 

0 22 

Sum 

18.76 


17.72 


A.M 

3.13 


2 95 



• A.M. arithmetic mean, 
t S.D. » standard deviation. 


Series II 

This series consisted of six experiments, using Ti as a single-tube cell. 
The technic followed was the same as in series I, velocities being observed 
at the depth where there was no movement of the liquid, i.e., where 

In the first two experiments of the series, half of the observations were 
made at the upper level, and half at the lower. In experiments 3, 4, 5, and 
6, values were obtained at the upper level only. 

Experimental results of series I and II are given in table I. 
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Series III 

Each of the three experiments in this series consisted of observations 
taken at levels differing by 50 fx throughout the depth of the cell, from ten 
to forty observations being taken at each level. From these observations 
the arithmetic mean of mobilities for each level was calculated. The 
mobilities at different levels plotted against depth resulted in curves of 
parabolic form; the mean mobilities of the maxima of these curves, 
obtained where r = 0, were 6.53, 6.24, and 5.61 n per second per volt per 
centimeter, respectively, giving a mean mobility for the three experiments 
of approximately 6.1 /x per second per volt per centimeter. At the walls 
of the tubes the particles moved in the opposite direction, the mean mobili- 
ties for the three experiments giving values of —2.66 and —3.10 m per 
second per volt per centimeter at depths of respectively. 


TABLE 2 

Eleclrophorciic mobilities of quartz particles in distilled water at S5°C., as determined 
in a single-tube cell from observations obtained at various levels in the cell 


EX FT NO 

MOBILITY IN m/8EC /vOLT/CM. 

1 

2 37 

2 

2.16 

3 

2.13 

Sum ... ... 

6 66 

A.M 

2 22 


Electrophoretic velocity is given by equation 7. A rough approxima- 
tion of this velocity is given by 


t'- IS 

r - 0 

This approximation is readily seen to be inaccurate unless observations 
are taken at a large number of levels, since it gives no weight to the value 
of the velocity at the axis of the tube, where r = 0, and gives undue em- 
phasis to the value at the wall of the tube, where r = R. A bettor method 
of approximation consists in the use of the average of the mobilities 
observed at depths differing by dr. Values of mobilities so calculated 
for the three experiments in this series are given in table 2. 

DISCUSSION OF RESULTS 

Examination of the data in table 1 indicates that practically the same 
values of mobilities are given in the two cells. The value of the arithmetic 
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mean of the mean mobilities for the six series of experiments of series I is 
3,13 n per second per volt per centimeter with a standard deviation of 
=b 0.31 M per second per volt per centimeter, and for the six experiments of 
series II, 2.96 db 0.31 m per second per volt per centimeter; hence there is 
no significant difference in the mobilities, as found in the two cells, greater 
than that which might be expected from the amount of variation in the 
experiments comprising a series. The mobility of quartz particles in triply 
distilled water at 25®C. as obtained by these two methods is therefore 
approximately 3.0 n per second per volt per centimeter. 

The electrosmotic velocity of the liquid is equal to the difference be- 
tween the electrophoretic velocity of the particles and the maximum 
observed velocity of the particles in the single tube (see equation 8) ; there- 
fore the electrosmotic velocity of the liquid in the present case is 3.0 — 6.1 
or —3.1 M per second per volt per centimeter. With consideration of the 
relatively high experimental error inherent in experiments of the type con- 
cerned, these results seem to substantiate the theory that the electro- 
phoretic mobility of the particles is equal in magnitude to the electro- 
phoretic mobility of the liquid. 

Comparison of mobilities given in table 2 with those given in table 1 
shows that mobilities as obtained in the single-tube cell by means of obser- 
vations taken at various levels in the cell are not equal, within the experi- 
mental error, to those obtained in the new cell or in the single-tube cell 
at depths of dbRy/2/2, 

A plausible explanation of the different results obtained with the third 
method would seem to be that values not conforming to the theoretical 
values are obtained near the walls of the tube. Evidence in direct support 
of this is disclosed by examination of the data obtained in the three series 
of experiments. Since the electrosmotic mobility and the electrophoretic 
mobility appear to be equal in magnitude but opposite in direction, we 
should expect that there would be no movement of the particles at the wall 
of the tube. Experimentally, however, the particles at the walls were 
observed to move in the opposite direction from those at the axis of the 
tube. On the basis that the velocities should have been zero at the walls 
of the tube, the experimental values there determined were neglected, and 
the curves drawn to meet the axis, giving Fobid. = 0 at distances r = 
and — -B, respectively. By interpolation of the values obtained at distances 
of 50 M from the walls, and use of the values as obtained experimentally 
at the other depths, approximation of mobilities by the method previously 
employed gave values of 2.87, 2.93, and 3.03 /x per second per volt per centi- 
meter, respectively, for the three experiments. These values are in the 
range of mobilities as obtained by the other two methods. This method 
of calculation of mobilities is not to be recommended for general use, 
however; it depends on the assumption that the electrophoretic mobility 
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of the particles is equal to the electrosmotic mobility of the liquid, a condi- 
tion which would be expected to occur only in cases where the wall of the 
tube and the particles are of the same material, and has not been found to 
occur in all of these cases. Moreover, the method of interpolation does not 
give accurate results, since it is not known how far the influence of the wall 
extends. Another objection to the method lies in the large number of 
observations which must be made to obtain an approximation of the desired 
accuracy. 

The advantages of the new cell in comparison with the single-tube cell, 
in both cases observations being made at the depths where theoretically 
there is no movement of the liquid, are apparent from a consideration of 
the values of standard deviations obtained in the experiments of series I 
and II; these are given in columns 3 and 5 of table 1. Standard deviation 
is an index of variance, i.e., it indicates how closely the values obtained are 
grouped about the arithmetic mean. The standard deviations found for 
the first two experiments in series II, in which values were observed at both 
the upper and lower levels in the single-tube cell, are much greater than 
the values of standard deviations obtained with the new cell. These high 
values probably came from failure to focus on the correct levels; it is diffi- 
cult to find the correct levels such that readings at the upper and lower 
depths agree. It is also difficult to obtain readings at the lower level, 
therefore readings in the other four experiments of the series were taken 
at the upper level only. In all cases the microscope was refocused after 
each set of twenty readings. The values of standard deviations in experi- 
ments 3 and 4 of series II are also higher than those for the new cell, 
probably owing to the readings having been obtained at slightly different 
levels. In the last two experiments of this series standard deviations are 
not greater than with the new cell, indicating that observations were made 
at approximately the same level throughout the experiment; however, 
since these observations were made only at the upper level, it is difficult to 
be sure that the correct level was used. The uniformity of the values of 
standard deviations obtained in the experiments with the new cell (series I) 
make its advantages apparent. The correct level for observation is 
obtained readily; moreover, small differences in levels of observation do 
not introduce large errors in the observed values. For results of a certain 
degree of accuracy a smaller number of observations is justifiable with the 
new cell than with a single tube cell. 

CONCLUSIONS 

1. Values of electrophoretic mobilities of finely ground quartz particles 
in triply distilled water obtained in the new double-tube cell agreed within 
the experimental error with values as determined in a single cylindrical 
tube, in both cases observations being made at depths where theoretically 
there should be no movement of the liquid. 
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2. Values of dectrosmotic mobilities obtained with a angle ojdindrical 
tube fn>m observaticms made at various levels in the cell did not agree with 
values as obtained by the other two methods. Experimental evidence 
suiS<^ aroneouB values are obtained in the walls of the tube. 

3. Hie approximate electrophoretic mobility of quartz particles in 
toiply distilled water as obtained by the two methods which agreed within 
experimental error was 3.0 m per second per volt per centimeter. 

4. The value of electrosmotic mobility of water in quartz tubes as 
obtained from these experiments was approximately —3.1 m per second 
per volt per centimeter. 

6. Consistency of experimental results with the new double-tube cell 
indicates the advantages of the new cell. 
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sit.k:a fluff 
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Ileeehed September JS^ 19SS 

A form of Iiydratc'd sili(‘ji is ohtaiiHMl by drying at a low U‘mp(*rature the 
silicic- acid r(‘sulting from tli(‘ action of silicon tetrafliioride upon water. 
This product posscss(‘s unusual propcrti(‘s, and has I)een called silica fluff 
to distinguish it from all other forms of silica. The reaction is formulat(*d 
as follows: 

3SiF4 + 4H2() = 2H2SiF6 + H-iSiO, 

Wh(‘n silici(* a(*id precii)itates from wat(*r solution it is a transparent gel, 
growing gradually translu(*ent and opaepu* wIkui filt(a*ed and dried. If 
l('ft for som(‘ W(‘(‘ks drying in th(‘ open air it assum(‘s th(‘ nl)ov(‘-mention(‘d 
whit(‘ fluffy (‘haracter. No apparent chang(‘ tak(‘s place' in th(' materhd 
aft<*r a month’s drying, and it maintains its com|)osition over a period of 
years as d(‘finit(*Iy as does (juartz itself. 

This light, flufly, whiter powde'r is composed of aggn'gate's of tiny flakes 
of irregular outline, containing in(*lusions of air bubble's e)f uniform size 
that give' ce)le)r i)h(‘nome'na with j)olariz('d light, as if the' substanea' we're 
comi)os(*d of doubly rc'fracting glo]>ular e*rystals. Tlu'se tiny air inclusions 
e*annot be' observeal e*xcej)t with a 600 eliamete'r Jnagnifie*atie)n, e)r large'r. 

The s])e'cific gravity of the material is l.OIS, as ele‘te*rmine'el by e)btaining 
the veflume' e)f ke're)se’ne' elisplae*e*el by a givem we'ight of silica fluff, using an 
e)il ])ump te) remove' the' air frenn the pern's of the' mate'rial. The si)e'e*ifie‘ 
gravity e)f orthejsilicic aciel is 1.57, anel tor the me'ta ae*iel 2.2, while the 
specific gravity e)f anhyelre)us silicon elioxiele* varie's frenn 2.3 te) 2.6. It is 
ap])are'nt, the'refe>re, that the low spe'cifie' gravity e)f silie*a fluff, a lower 
hyelrate'el form of silie-a than me'tasilie'ie' acid, is due to the' air inclusie)ns 
in the' flake's \\hich e*amie)t be disie)e*ate*el by a vae'uurn punif). 

We'igheel in air, unde'r as nearly the same de^gre'O e)f pae'king as pe)ssible, 
the' apparent specific gravitie's of a number of light materials in e‘e)mparison 
with silie'a fluff are' givem in table 1. It is se'e'ii that e've'ii gre)unel cork anel 
air-fle)ate'el e*arbon blae'k are' more than twice' as he'avy as silie*a fluff. Nu- 
me're)us attempts havei been made to duplicate this mate'rial, l)iit no e)the^r 
pre)eluct has bee'ii epiite' so light e)r with as high air aelse)rption as the mate- 
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rial which the author made at the Johns Hopkins University in 1919-20. 
The long time required for drying, as well as the high humidity during the 
drying, may account for these unusual properties. 

Silica fluff has an index of refraction of 1.45. The flakes are from 0.01 
to 0.3 mm. in diameter and from 0.003 to 0.008 mm. in thi(*kness. The 
diameter of the air bubbles is 1.0 to 1.5 microns. 


TABLE 1 

Appannt sperijic gravity of silica fluff compared with that of other light materials 


MXTlflRlAL 


SPJ riFlf iUtAVII'Y 


Silirji fluff 
Ground (‘ork 

Carl)on black (high color gas carbon) 
Swedish soft wood flour 
Silica black, Grade A 
Merck’s precipitated silica 
Lycopodium i)owder 
Powdered silica 


0 0218 
0 0021 
0 0635 
0 1543 
0 2201 
0 2265 
0 3624 
0 9199 



lie. 1. Silica fluff 

On account of its high air adsorption silica fluff behaves like a li(iuid, 
flopping and splashing from side to side in the bottle, and can be poured 
through a narrow-stem funnel or blown through a w^ash bottle like a liquid, 
as is shown in figure 1. 

No elements were found to be present in silica fluff other than silicon, 
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hydrogen, and oxygen, but the last two are not in the ratio to form water. 
Its composition is given in table 2. From the percentage composition 
obtained by experiment its empirical formula is calculated to be HeSusOjr 
or (SiOs)u -311*0. A survey of the literature brings out the fact that 
Victor Lenher (5) reported silicic acid desiccated over concentrated sulfuric 


TABLE 2 



Fio. 2. The condensation of twelve molecules of orthosilicic acid, by elimination of 
twenty-one molecules of water, to yield silica fluff 


acid for two months with a water content of 6.76 per cent. G. Tschermak 
(8) obtained a similar product, also desiccated over sulfuric acid, with a 
water content of 6.7 per cent. Bernhard Neumann (7) investigated the 
dehydration of silicic acid from 200® to 1000®C., starting with a product 
having a water content of 6.6 per cent. 
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llie above-mentmed analyses, tc^ether with those obtained in this 
laboratory, furnished the basis for the following speculation regarding the 
structure of the molecule of this very stable and remarkable form of silica 
or silicic acid. 

Apparently there are three molecules of water in the compound. On the 
basis that dihydrated silicon dioxide is orthosilicic acid, in which the water 
is incorporated in four hydroxyl groups as seen in the graphic formula 

H<X 

HQ/ \OH 

the author was led to place twelve such molecules in juxtaposition and to 
eliminate twenty-one molecules of water where the hydroxyl groups are 
in proximity to each other (see figure 2), yielding a molecule which exactly 
fits the analysis, and is represented by the following graphic formula for 
silica fluff. 


OH OH 

0=Si— 0— ii— 0-4i— O— Si=0 

I I 1 

0 0 0 


i 

HO— ii- 

i 

0==Si- 


-0— Si— O— Si— 0— Si— OH 

i 


0 


i 


-0 — Si — 0 — Si — 0 — ^i=0 
OH in 


A compound with this formula calls for a molecular weight of 774.77, of 
which 6.98 per cent is water, whereas the average water content obtained 
experimentally is 7.13 per cent. 

If we consider that some of the water obtained at 120°C. existed free, 
the hydroiQrl groups in the formula exactly represent the water obtained 
when the material was ignited. 

Assuming that dehydrated silicic acids possess structures of this type it is 
easy to understand how various degrees of hydration can be , had, and 
consequently how dehydration may take place so gradually that no notice- 
able break in the curve appears. If we assume, for example, that the four 
oraner silicon atoms in the graphic formula hold eight hydroxyl groups 
instead of four oxygen atoms, the water content will amount to 14.89 per 
cent. 

Many workers in this field, for example, O. Mugge (6), H. Chatelier (3), 
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J. Bruckmoser (1), G. Tschermak (9), H. Kantsky (4), and others, have 
expressed varied opinions about the composition of silicic acids and the 
nature of the water which they contain. 

It is a well-known fact that diatomite, more often called diatomaceous 
earth or kieselguhr, is almost wholly siliceous (85 to 92 per cent silica). 
This material has resulted from the acciunulation of the remains of unicel- 
lular organisms called diatoms, whose living structure must have con- 
tained silica in some soluble form. 

Now upon the decomposition and dehydration of this siliceous material 
it might be expected that a product would result, similar in properties to 
silica fluff, especially in its relation to combined water. 

To test this theory, the water contents of various diatomaceous earths 
are given in table 3. All but one of these values are taken from analyses 
reported by Calvert (2). The percentages in the table are based upon the 
total weight of the diatomaceous earth samples and not upon the silica 


TABLE 3 

Water content of diatomaceous earths 


SOURCE 

WATER 

CONTENT 

SOURCE i 

WATER 

CONTENT 

Herkimer, N. Y 

per cent 

12.12 

8.37 

3.40 

3.47 

5.98 

5.99 

5 00 

Monterey, Calif 

per cent 

4.89 

7.35 

9 14 

3 50 

7 40 

6 07 

Hichmond, Va 

Toome, Ireland 

Wilmont Wharf, Va 

Pope’s Creek, Md 

Ellensburg, Wash 

Fossil Hill, Nev 

Lompoc, Calif 

Algiers 

Algiers 

Algiers 

Storey County, Nev 

Average of all values 

6.36 


present in them. When these percentages are recalculated on the silica 
content alone, excluding the sample from Herkimer, N. Y. (which obviously 
contains adsorbed water), the average per cent of water in the silica of 
twelve different samples of diatomaceous earth becomes 7.15, which is 
almost identical with the water normally present in silica fluff, whose 
molecular structure is postulated in the graphic formula shown. 

This fact would seem to be more than an accidental coincidence. The 
combined water in diatomaceous earth cannot be present in the form of 
definite hydrates, for no sharp break in the dehydration curve has ever 
been reported. It would not be surprising, however, if the silica and 
combined water in diatomaceous earth exist in some such way as that 
postulated for silica fluff. 
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ADSORPTION OF RADON BY GLASS 
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During the course of certain radiochemical experiments it was noticed 
that radon which was kept for several days in Pyrex bulbs was in part 
strongly adsorbed on the glass (1). The bulbs were thin walled, and had 
volumes of approximately 0.1 cc. The pressure of the impurities which 
accompanied the radon was never greater than a few millimeters, and was 
probably in most cases less than 1 millimeter. The bulbs were blown from 
clean tubing, but were not subjected to any chemical cleaning after being 
made. The sealed bulbs containing the radon were introduced into a 
horizontal tube which was attached by 20 cm. of 2-mm. capillary tubing 


TABLE 1 

Evidence for the slow irreversible adsorption of radon on glass 


INITIAL AMOUNT OF KADON IN 
M1LLICUHIJC8 

TIME DUniNO WHICH THE RADON 
WAS SEALED IN THE BTTLB 

PER CENT OF THE RADON WHICH 
REMAINED ON THE WALLS OF 
THE BULB 

me. 

hours 

per cent 

156.5 

17.5 

<1 

188.5 

37 

11 

119 7 

49 

19 

102.5 

68 

16 


to a 100-cc. vessel. After the system had been evacuated (to a pressure 
of less than 10“^ mm.), it was cut off from the vacuum line, and the 100-cc. 
vessel was immersed in liquid air. The fragile bulb containing the radon 
was then shattered by a magnetically-operated, glass-enclosed plunger. 
The distribution of the fluorescent glow indicated that the greater part 
of the radon distilled over almost instantaneously. After fifteen or 
twenty minutes the side tube was sealed off from the 100-cc. vessel, 
which was still immersed in liquid air. Six or eight hours later the side 
tube was examined in the dark. If the glass showed any fluorescence, 
the amount of radon was determined (usually twenty or thirty hours after 
breaking the bulb) with a y-ray electroscope. It is noteworthy that in 
every case where radon remained in the tube, the fluorescent glow was 
visible only on the fragments of the bulb. Even after forty hours there 
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was no visible evidence that any of the radon had diffused into the con- 
taining tube. Table 1 summarizes the available quantitative evidence. 

Although it is not precluded that the observed differences in the per- 
centage adsorption may be due to possible differences in the surface of the 
bulbs or in the impurities of the radon, these data suggest that the per- 
centage adsorption depends upon the time of contact. It is possible that 
the adsorption may be the result of ^‘pitting'' of the glass by a-particle 
bombardment. In this case the adsorption would be proportional to the 
intensity of the a-particle bombardment on the glass. These results make 
it obvious that certain precautions must be taken in the transfer or meas- 
urement of radon used in radiochemical experiments; particularly is it 
undesirable to leave radon in a small tube longer than necessary for the 
gamma-ray measurement before transferring it. 
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Oriffim and Development of Applied Chemistry, By J. R. Partington. 25 x 15 cm.; 
xii -h 597 pp. London: Longmans, Green and Co., 1935. Price: 45s. net. 

Dr. Partington’s book arrived as the reviewer was leaving for the United States, 
and the ‘^Origins” became his constant companion in America. The reviewer had 
full opportunity for reading the work most thoroughly. Dr. Partington’s book, 
by its encyclopaedic knowledge, seems at first perhaps a little frightening, but as the 
study of the book proceeds so one’s admiration for it grows. This is not just a 
reference book. It is much more than that, and a careful reading through the whole 
work as it stands would fully repay the time and energy devoted to it. 

No single reviewer can really do justice to the ‘^Origins,” in view of its tremendous 
scope and the comprehensive nature of its information. The writer has therefore 
judged the book solely from its plant chemical content, with which he is familiar. 
Students of the history of plant chemistry will find a great deal of information on the 
plant materials of Egypt, Babylonia and Assyria, Crete, Troy and Cyprus, Asia 
Minor, Persia, Phoenicia, and Palestine. The information contained on thc.se lines 
has taught the reviewer to appreciate not only the extent but also the soundness of 
Dr. Partington’s knowledge. A survey of the plant materials contained in this book 
revealed nothing that is not mentioned in it, and some of the most difficult points 
on the history of plant chemistry have been dealt with in a manner that commands 
only admiration. To take one example (p. 169), the case of kyphi, the incense of 
the Egyptians: this is a most difficult topic, and Professor Partington has threaded 
through it with care and remarkable lucidity. Kyphi has been the object of many 
lengthy discussions, and Dr. Partington has managed to convey all that is known 
about it without leaving that peculiar feeling of uncertainty one has after the study 
of this subject in other works. Those wffio know' the difficulties must appreciate Dr. 
Partington’s attitude, and those who are blessedly ignorant of them do not realize 
through what a maze they have been so successfully conveyed, — a most remarkable 
achievement. Attention must also be drawn to the helpful indexes, especially the 
subject index, which contains many references to plants and plant materials. 

Viewed from any aspect, there is no doubt that Dr. Partington’s “Origins” will 
become one of the classics on the history of chemistry. 

M. Nierenstein. 

Electron Emission and Adsorption Phenomena. By J. H. de Boer. The Cambridge 
series of physical chemistry. Translated from the manuscript by Mrs. H. E. 
Teves-Acly. 398 pp.; 150 figs. The Macmillan Co., The University Press at 
Cambridge, England, 1935. 

The author deals wdth the nature of surface forces as revealed by the study of 
electron emission from metals and dielectrics and by the knowledge of adsorption of 
substances on such surfaces. He hopes to obtain information on the subject of 
adsorption on surfaces by studying their electron emission, and, vice versa, he expects 
to learn concerning the nature of electron emission by a study of adsorption phenom- 
ena on surfaces. From the nature of these topics it is at once seen that the book is of 
interest to individuals who are concerned with the nature of catalysis. Since this 
latter phenomenon is of the greatest importance to chemists, the book should appeal 
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to a large circle of readers. The subject-matter of the volume does not include the 
phenomena of catalysis however. Indeed the word ^'catalysis’’ is not found in the 
index ! It is merely the reviewer’s opinion that the studies portrayed here should be 
of interest to physical chemists who wish to elucidate the problems of catalysis. 
The methods of research employed and discussed by the author may well find ex- 
tended application and lead to a richer and more precise knowledge of surface chem- 
istry. The content of this interesting book is divided into fifteen chapters and can 
be discussed in the briefest manner by mentioning the various topics; electron 
emission from metals; the nature of adsorption forces; the adsorption of cesium on 
tungsten surfaces and other electropositive metals on metal surfaces; photoelectric 
emission after adsorption of electropositive metals on metal surfaces; double layers 
formed by the adsorption of gases; the adsorption of light by matter in the gaseous 
and in the adsorbed state; the selective photoelectric effect; alkali-metal atoms 
adsorbed within the lattice of the alkali halides and their photoelectric properties; 
electronic conduction in the lattices of the alkali halides and other lattices; photo- 
electric cathodes with thick intermediate layers of a dielectric and metal particles; 
thermionic emission of cathodes with a dielectric; oxide-covered cathodes; emission 
of electrons into intermediate layers of dielectrics and into blocking layers. The 
author makes abundant use of energy diagrams in his discussion. To the chemist 
with modern training this method of treatment should be very satisfactory. 

Geo. Glockleb. 

The Structure of Crystals, Supplement for 1930-34 to the second edition. By 

Ralph W. G. Wtckoff. American Chemical Society Monograph No. 19 A. 

240 pp.; 75 figs. New York; Reinhold Publishing Corporation, 1935. 

The present volume supplements the second edition of the author’s well-known 
treatise and covers the work for the last four years on structure determination of 
crystals by x-ray methods. The eleven chapters are numbered to correspond to 
those in the second edition, and an appendix gives the complete literature of the 
subject. The same chronological arrangement is maintained as is found in the 
second edition. This bibliography covers sixty-one pages. It is evident that the 
book is indispensable to the worker in the field of crystal structure determination, 
but any one interested in the general field of atomic and molecular structure and the 
solid state will by necessity have to refer to this treatise-supplement. The figures 
shown are excellent in execution and an invaluable help in understanding the intri- 
cate patterns of the more complex crystals. The book represents an enormous 
amount of the most painstaking effort, and the author is to be congratulated on the 
result of his labors. 

Geo. Glockleb. 

Body Water— The Exchange of Fluids in Man. By John P. Petebs. 14.5 x 23 cm.; 

5 figs.; viii H- 405 pp. Springfield, Illinois, and Baltimore, Maryland; Charles 

C. Thomas. Price; $4.00. 

There has been great need for such a comprehensive discussion of the r61e of water 
in the vital processes of the human organism. Professor Peters is excellently quali- 
fied to bring together the many papers which have been published in this field and to 
discuss them critically, inasmuch as he has himself actively worked in this field for 
many years. 

This volume contains much more than its title would indicate. In addition to 
considering the composition of the various body fluids, it is a rather complete survey 
of the physiology of the absorption, secretion, and excretion of many substances 
such as carbohydrates, nitrogen-containing compounds, fats, salts, etc., within the 
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body, all considered in the light of the direction of water flow which takes place 
either through interstitial spaces or across membranes. 

The maintenance of equilibria between various fluids and tissues by means of the 
Gibbs-Donnan phenomena, osmotic pressure, “colloid osmotic pressure,” tissue 
tension, etc., are adequately discussed from the standpoint of both theory and 
application, and the effect of these forces in causing fluid flow, ultrafiltration, and 
absorption is emphasized. Both normal and pathological physiology are considered. 

Every chapter contains applications of physicochemical principles to physiological 
processes, so that the book would serve admirably as reference and source material 
for courses in physical chemistry designed to emphasize physiological and medical 
aspects. 

The reviewer was particularly desirous of seeing how the question of “bound 
water” would be treated. To his surprise it was rather summarily dismissed without 
any particular discussion, the author believing that bound water does not exist as a 
measurable entity. Similarly the imbibition pressure of colloids is spoken of (p. 
63) as if it were of no particular significance. 

In a discussion of the exchange of fluids between blood cells and scrum the author 
considers (pp. 120-3) that the “potassium salts of hemoglobin” are largely “undis- 
eociated.” This view is decidedly at variance with those of certain physical chem- 
ists who have assumed a stoichiometrical compound formation between proteins and 
acids and bases, with a subsequent complete ionization of the “salt.” It is difficult 
for the reviewer to see how a potassium-protein “salt” can be completely or nearly 
completely unionized, whereas adsorption of potassium on the protein micelles would 
account for such behavior. 

The chapter headings are as follows: (1) Chemical forces which control exchanges 
of fluid and solutes; (2) The nature and movements of interstitial fluid and lymph; 
(3) Exchanges between blood and interstitial fluids; (4) Serous fluids and tran- 
sudates; (6) Exchanges between blood cells and serum ; (6) Exchanges between tissue 
cells and interstitial fluids; (7) Water of oxidation and the losses of water and 
solutes through skin and respiratory passages; (8) Alimentary exchanges; (9) The 
general nature of renal activity; (10) Renal excretion of filtrable organic solutes; 
(11) Renal excretion of water and inorganic salts; (12) Nervous and hormonal 
control of urine excretion. 

The author lists complete titles and journal citations to 875 references in the 
author index and also indicates the specific pages in the text where the reference is 
considered. A short but adequate subject index closes the volume. The volume 
should be carefully read by all students of physiological processes. 

Ross Aiken Goetner. 

Monographien aus dem Geaamigehieie der Mikrochemie. Farbrnessungerif Theoretische 

Grundlagen und Anwendungen, By E. Haschbk and Max Haitingeb. 85 pp.; 

6 figs. ; 14 tables. Wien and Leipzig: Emil Haim and Company, 1936. 

Although the sensation of color is entirely subjective, it is possible to measure the 
qualities responsible for the sensation in a more or less exact way. In doing so the 
description of color becomes independent of subjective impressions and external 
conditions. The quantitative measurement of color has been codified by inter- 
national agreement some years ago. Based on the color theory of Young-Helmholtz, 
which distinguishes between hue, saturation, and brightness as the characteristics 
of color, the authors derive the quantitative expression of these magnitudes. The 
monograph is of interest not only to chemists and physicists but to anyone interested 
in the quantitative description of color. Contrary to the authors, the reviewer is 
of the opinion that in the characterization of a certain object the quantitative 



424 


NEW BOOKS 


description of color is of secondary significance only, since the color is a function of 
the state of subdivision of the object. It seems, therefore, an exaggeration to state 
(p. 57): “Der Farbpunkt spielt eine ahnliche Rolle wie der Schmelzpunkt oder 
Siedepunkt.'' 

I. M, Kolthoff. 

Structure and Properties of Matter. By Herman T. BaisdoE. 420 pp. New York: 
McGraw-Hill Book Company, 1935. 

The author states that his object is to present to students of chemistry a readily 
understandable account of the newer discoveries in the physical sciences which have 
brought about the great advances since 1900 in our knowledge of the nature of matter. 
The book is addressed not to specialists but to those having sufficient training, — 
presumably this might mean Senior or possibly Junior Chemists, or graduate students 
in chemistry not majoring in physical chemistry. 

The reviewer is quite in sympathy with the desirability of such a course, and 
believes that the author has furnished a very acceptable text for the purpose in mind. 
Among other subjects he treats the electron, the proton, the nucleus, radioactivity, 
crystal structure, radiation as introductory to Bohr theory, valence, and quantum 
mechanics. 

Some of the minor defects can easily be remedied in a future edition, such as 
revision of the list of isotopes on page 115, the substitution of the modern values of 
atomic weights in the actinium series (page 67), and the use of the older assumption 
that there are free electrons in the nucleus. Probably geophysicists and cosmic 
physicists would not agree that any extensive formation of new nuclei has occurred 
on our planet, though this is an interesting field for speculation. 

While some of the material presented may be included in other courses in general 
and physical chemistry, the present book meets a real need for the advanced under- 
graduate in chemistry who does not intend to specialize in some phase of atomistics. 

S. C. Lind. 

Die Bierhefe als Heil-j Ndhr-, und Futtermittel. By Julius ScHt^LBiN. (Technische 
Fortschrittsberichte. Fortschritte der chem. Technologic in Einzeldarstel- 
lungen. Herausgegeben von Prof. Dr. B. Rassow, Leipzig.) 22 x 15 cm.; vi and 
194 pp. Dresden und Leipzig: Theodor Steinkopff, 1935. Price: geheftet, 9RM; 
gebunden, lORM. 

This book deals with brewer’s yeast as an aid to nutrition and pharmacology. 
The therapeutic value of yeast is taken to depend largely on its vitamin content, and 
much of the book is devoted to an account of the vitamins so far as they occur in 
yeast or can be invoked therein by irradiation. The author includes much of the 
most recent work, but shows a lamentable lack of first-hand acquaintance with the 
English literature on the subject. N o reference appears to be made to the important 
work of the International Committee on Vitamin Standards. A detailed account, 
supported by references to the medical literature, is given of the application of 
yeast and yeast preparations to the cure of a large number of diseases. 

The value of yeast as a nutrient also depends in a large measure on its vitamin 
content, but in addition the protein, salts, and other constituents are in themselves 
of great nutritive value. Dried yeast is advocated as as addition to the normal diet 
of human beings on the ground, no doubt valid in many districts, that at the present 
time the ordinary diet of large numbers of people does not contain sufficient of the 
various vitamins to ensure complete health and resistance to disease. 

In the field of animal nutrition yeast may also play an important part, and striking 
results are quoted with respect to the increased milk production of cows fed on a diet 
containing irradiated yeast. 
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The author has brought together in this work an imposing mass of material show- 
ing in how many ways yeast can be usefully employed dietetically, and although it is 
obvious that he is putting forward the best possible case for the use of yeast, there 
seems to be no doubt that there is a large nutritional field in which yeast may be 
usefully employed. 

A. Harden. 

The Structure of Metallic Coatings, A General Discussion held by the Faraday 
Society. 25 x 16 cm.; 247 pp.; 77 plates. London: Gurney and Jackson, 1935. 
Price: 21/- net. 

This volume has been reprinted from the Transactions of the Faraday Society and 
is divided into the two main sections “Electron Diffraction Methods’^ and “The 
Structure of Metallic Coatings,” each followed by discussion on the individual 
papers. Professor Desch contributes an introductory paper, and various aspects of 
the electron diffraction method of examining surface structure are discussed by 
G. P. Thomson, G. I. Finch, W. E. Laschkarew, H. G. Hopkins, and others. The 
most interesting paper in part I is certainly that of Finch and collaborators; in this 
the problems of electron diffraction and surface structure are dealt with very thor- 
oughly. A very interesting point concerns the appearance of “extra” rings not 
normally associated with the particular solid. Finch has shown that they are due 
to the entry of gas into the crystal lattice. The hope of many, that electron diffrac- 
tion would play an important part in the solution of problems of gas absorption in 
metals, appears likely to be fulfilled in the near future. 

The second part of the discussion is perhaps not quite so well arranged as it might 
be; the papers dealing with x-ray work would have fitted better into the physical 
scheme of part I. The papers in this section are too numerous to receive detailed 
individual attention . A considerable section deals with the properties and structure 
of electrodeposited layers. Andrade deals with the crystallization of thin metal 
films, Ornstein with optical research on evaporated metal layers. Both the authors 
represented in this volume and their publishers are to be congratulated on the par- 
ticularly fine set of plates collected here. 

J. T. Randall. 

The Eruption of Mt. Pelee^ 1929-32, By Frank A. Ferret. Publication No. 458 
of the Carnegie Institution of Washington, 1935. 9 x 11.5 in.; 126 pp.; 71 figs., 
3 diagrams and a chart of nuee ardenU activity; 2 appendices. 

The investigation here reported was lived on the mountain itself, day and night. 
Excursion, observation, photography, and intermittent sleep were the author's lot. 

The report opens with a brief discussion of terminology, and a history of Mt. 
Pelee, which has erupted before. The main part of the book is in two parts, — first a 
narrative of the eruption of 1929 to 1932, and then an analytical study of the volcanic 
activity. Chemical studies include only an analysis of water in the first appendix, 
but the lack is not so serious because the lavas are surprisingly similar to those of the 
1902 eruption, well studied by Lacroix. The emphasis here is on the physical aspects. 

Volcanic flows differ in their physical condition: first, the Mauna Loa type of 
swiftly moving, luminous, coherent liquid; second, the Etna type, more viscous, 
consolidating at the surface into discrete blocks; and third, the Pelean type with its 
autoexplosive liquid, self-expelled in the form of a completely subdivided mass of 
still active particles isolated from one another by vapor films — the whole mass 
flowing down any slope with incredible speed because it is frictionless. The particles 
of liquid lava contain vapors in solution and give them off so rapidly that they are 
cushioned from each other, and the great avalanches rush down the mountain slopes 
in utter silence! These are the nu&es ardenUes named in reference to the clouds 
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which rise, but the name does not adequately express the great source of energy in the 
avalanche at the base of the cloud. 

The data are microphonic, seismologic, and astronomic, in addition to the narra- 
tive of major events and a few notes on the temperatures. The observed speeds of 
flow of the nuhes ardenUea ranged from 10 to 33 meters per second. There are some 
electrical charges from the clouds, and '^flashing arcs” are described as possibly 
light reflected from a sound wave-front. 

One physicochemical hypothesis is presented by the author with the frank remark 
that it may be ^outrageous,” — namely, that at depths some igneous magma may be 
in a vapor phase because of excess heat. The latest statement of expert opinion on 
this is by Fenner (in Economic Geology ^ volume 30, pp. 920-030, 1036) and is unfavor- 
able to the idea, showing also that high pressures may develop from dissolved gases 
without having the magma itself become gaseous. 

The general reader will find interest in the section (pp. 8 to 12) on the diagnosis and 
prediction of volcanic eruption, and in the many excellent photographs. 

Frank F. Grout. 

Das Kristallzeichnen auf Grundlage der stereographiscken Projektion. By H. Tertsch. 

23 X 15 cm. ; iv and 38 pp. ; 34 figs. Wien: Julius Springer, 1035. Price : 3.60 RM. 

The orthodox methods of drawing crystals from a stereographic projection are 
described with special emphasis on their application to the study of habit. Suc- 
cessive sections deal with the drawing of a plan on the plane of projection and with 
representation in parallel perspective on an arbitrary plane, the true habit being 
obtained by the use of measured central distances. A further section describes 
the drawing of twin crystals. The writing is clear and concise, but a few of the more 
complicated figures might have been reproduced with advantage on a larger scale. 

F. C. Phillips. 

Wasserstoff^Ionenkomentration (pn)* By H. J5rgensen, with an introduction by 

S. P. L. Sfirensen. 16 x 22 cm.; 264 pp. Dresden: Theodor Steinkopff. Price: 

paper, 15 RM; bound, 16 RM. 

In recent years there have appeared both in the English and in the German lan- 
guages, a number of excellent books dealing with the determination and applications 
of hydrogen-ion concentrations; the author of the book under review has neverthe- 
less written another, apparently at the request of the publishers to fill a gap in their 
series of scientific monographs. Nearly half of the book, 114 out of 246 pages of 
text, is devoted to a consideration of the fundamental principles involved in the 
determination of pH, and the theoretical aspects of electrode potentials, buffer 
solutions, and electrolytic equilibria are discussed in a concise but adequate manner. 
The treatment of acids and bases is particularly interesting, since the author adopts 
throughout the modern viewpoint which regards acids as yielding and bases as 
accepting protons, respectively. 

The next section of the book, 52 pages in length, consists of a review of the meth- 
ods of measuring pH; the author does not intend this to be complete, for the reader 
is referred to other treatises for further practical details. Nevertheless the methods 
of using the hydrogen and quinhydrone electrodes are described in sufficient detail, 
but the account of the glass electrode is little more than an indication of how it 
can be used. Colorimetric methods for determining pH, which either do or do not 
involve the use of buffer solutions, are described, although the simple ”drop-ratio” 
method of Gillespie is not mentioned. 

The last portion of the text, entitled ”Technischer Teil,” occupies some seventy 
pages, and in it are described sixty-two examples of the importance of measurements 
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of hydrogen-ion concentrations in industry: amongst these are references to fermen- 
tation, baking, sugar, paper, leather, organotherapy, agriculture, milk, confection- 
ery, textiles, and dyeing. A ten-page appendix on the subject of pH in acid-alkali 
titrations then follows, and it is here that the newer concept of acids and bases is 
particularly useful. The book is completed by a list of over two hundred and forty 
references, arranged in alphabetical order according to the names of the authors, 
and there is also a good subject index. It is not surprising to find a relatively large 
number of references to Danish and Scandinavian literature, since the author is 
working in Copenhagen, but English, American, and German journals are well repre- 
sf^nted in the list. The book can be recommended as giving an excellent survey of 
subject of hydrogen-ion concentrations; its viewpoint is up to date and it is 
written in a clear and simple style. 

S. Glasstone. 

Journal of the Inaiitute of Metals. Volume LVI (Proceedings), No. 1, 1935. 306 pp.; 

31 plates. Cloth. Edited by G. Shaw Scott, M.Sc., F.C.I.S. London: The 

Institute of Metals, 36 Victoria Street, Westminster, S.W.l. Price: £1. 11s. 6d. 

The latest volume of the Journal of the Institute of Metals ^ Volume LVI, No. 1, 
1936, constitutes a complete record of the two most recent meetings of the scientific 
society that is responsible for the publication of this useful book. The respective 
gatherings were the Spring Meeting and the May Meeting, both held in London. 
At the latter Professor W. L. Bragg, F.R.S., delivered the twenty-fifth annual May 
Lecture, his subject being ‘‘Atomic Arrangement in Metals and Alloys.'^ This 
discourse — in which an account of the theory of atomic arrangement in the crystalline 
structure of an alloy is given — is reproduced in full, and constitutes a valuable ad- 
dition to scientific knowledge. It brings up-to-date the work that has been done 
on this subject since Professor Bragg’s father. Sir William Bragg, F.R.S., delivered 
a previous May Lecture — in 1916—on “X-rays and Crystalline Structure, with 
Special Reference to Certain Metals.” 

A dozen papers dealing with many aspects of metallurgical work make up the 
bulk of the present volume, these papers having been presented at the March Meet- 
ing of the Institute of Metals. . Two specially interesting groups are those dealing 
with fatigue in metals due either to atmospheric action or to corrosion. Another 
group is devoted to the constitution or properties of tin alloys. “Unsoundness in 
Aluminium Sand Castings” and “The Mechanical Properties of Some Wrought 
Magnesium Alloys” are the titles of two other papers of considerable industrial 
importance. All these and other papers, which are very fully illustrated — ^for the 
most part by photomicrographs — ^are reproduced in extenso, together with a record 
of the discussions which took place when they were presented and written com- 
munications upon them that have been subsequently made. 

As the March Meeting was also the Annual General Meeting it is appropriate 
that in the present volume there should appear the Report of Council on the work 
of the Institute for the .past year, the report showing that the work of the Institute 
has been fully maintained. 

Metallurgical Abstracts {General and Non-ferrous) , Volume I (New Series) 1934. 

780 pp. Cloth. Edited by G. Shaw Scott., M.Sc., F.C.I.S. London: The 

Institute of Metals, 36 Victoria Street, Westminster, S.W.l. Subscription price: 

£4, inclusive of two “Proceedings” volumes. 

Metallurgical Abstracts^ published under this title since January 1931 and issued 
as a supplement to The Monthly Journal of the Institute of Metals^ has appeared 
hitherto as part of the Journal series. The present issue of Metallurgical Abstracts 
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is the first volume of a new series; it appears in a distinctive binding and is complete 
with its own index containing many thousands of entries. 

The extent of the publication can be gauged from the fact that the abstracts 
are gleaned from over one thousand of the world’s scientific and technical publica- 
tions by a staff of fifty-eight abstractors and reviewers whose names form an im- 
pressive list on the opening page of the new volume. 

The subjects dealt with are grouped under twenty-four main headings and range 
from ‘‘Properties of Metals” to “Industrial Uses and Applications.” It is difficult 
to overrate the value of these abstracts to the busy man who desires to keep in 
close and regular touch with important technical developments in various parts of 
the world. " ^ 

Gmelina Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System Nummer 4 : Stickstoff . Lieferung 2. 
26 X 18 cm.; pp. x -f 288-506. Berlin: Verlag Chemie, 1936. Price: (abroad) 
26.25 marks. 

The second issue of the volume on nitrogen deals entirely with its compounds with 
hydrogen and the greater part is devoted to ammonia, including its manufacture. 
The discussion of synthetic ammonia includes the Haber, Claude, Casale, Fauser, 
and other processes. The text has been submitted in some cases to the technical 
interests, who are not likely to have disclosed much of value. The physical and 
chemical properties of ammonia are very fully dealt with and there are numerous 
tables and diagrams in the text. The literature references are brought to May, 1935, 
and in the section dealing with the manufacture of ammonia are less satisfactory 
than usual, reference to English publications being surprisingly incomplete. 

J. R. Pabtington. 

Eisen- und Stahllegierungen, Patentsammlung, 1 Erg&mungshefi. By A. GRtJTZNBR. 
Zugleich Anhang zur Metallurgie des Eisens in Gmelins Handbuch der anorgani- 
schen Chemie. 8 Auflage. Herausgegeben von der Deutschen Chemischen Gescll- 
schaft. 26 X 18 cm.; 425 pp. Berlin: Verlag Chemie, 1935. Price: unbound, 
44 marks; bound, 48 marks. 

This volume is a supplement to that published by the same author and in the same 
series in 1932, and forms an independent supplement to Gmelin’s Handbuch. It 
includes patents in Austria, England, France, Germany, Switzerland and the United 
States of America for the period from March 1932 to the end of 1934. It gives in 
three columns the composition, the properties and applications, and the patent refer- 
ences. The alloys are classified according to composition. Although the first 
part included patents from 1880 to 1932, it was a hundred pages smaller than this 
supplement, so that some idea may be gained of progress in recent years in this 
field of metallurgy. The work is likely to prove very useful in technical libraries. 

J. R. Partington. 



THE HEAT CAPACITY OF SATURATED SODIUM 
SULFATE SOLUTION 

KENNETH A. KOBE and CLARENCE H. ANDERSON 
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The heat capacity of saturated sodium sulfate solution is of importance 
in the problem of recovery of the anhydrous salt from its aqueous solution. 
No data are reported in the literature for the saturated solution. In 
fact, data for heat capacities of practically all saturated solutions in 
contact with the salt are not in the literature. 

APPARATUS 

Heating element, A piece of Pyrex tubing, inside diameter 3 mm., is 
drawn out to give a thin-walled center section 1 meter long and 1 mm. in 
diameter. A 20-gauge copper wire is soldered to one end of a piece of 28- 
gauge constantan wire 1 meter long. The constantan wire is threaded 
through the tubing and the end soldered to another 20-gauge copper lead 
wire. The fine glass tubing is wound into a spiral approximately 35 mm. 
in diameter and with 3 mm. between the turns. The ends of the heavy 
tubing containing the copper leads are brought up at right angles to the 
plane of the spiral. The copper leads are connected to the lower ends of 
binding posts in a suitable cork stopper. 

Calorimeter arrangement, A 200-cc. wide-mouth Dewar flask is used. 
In the cork containing the heating element are a 100°C. calibrated ther- 
mometer graduated in tenths and a glass drill stirring rod driven by a 
motor stirrer. The heating element is placed in a circuit with suitable 
variable resistances, calibrated ammeter, and voltmeter across the heating 
element to check constantly the resistance of the heating element. 

Water equivalent. A constant current* of 1 ampere is passed through 
the heating element immersed in 100 g. of water in the calorimeter. The 
range of temperature is 25® to 95®C. At each 10®C. interval the current 
is shut off and the rate of cooling determined. The room temperature is 
maintained constant. 

HEAT CAPACITY, 32.4®C. TO 102.8®C. 

Above the transition temperature of sodium sulfate decahydrate 
(32.4®C.) the solubility curve is inverted. A saturated solution of the 
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salt is prepared at 34.6®C. and 100 ml. of it is pipetted into the calorimeter. 
One gram of excess anhydrous salt is added to insure crystallization of salt 
from the solution as the temperature rises. Data are taken over the range 
35® to 95®C., with cooling curves at 10®C. intervals, as in the determination 
of the water equivalent. One additional correction must be made in the 

TABLE 1 


Heat capacity of saturated sodium sulfate solution 
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Fig. 1. Heat capacity of saturated sodium sulfate solution 

calculations to account for the heat content of the anhydrous sodium 
sulfate precipitated from the solution as the temperature rises. The aver- 
age amount of this salt (-|-1 g.) is determined by a graphical integration 
of the solubility curve. The heat content is then calculated for each 
temperature interval, using the heat capacity from the International 
Critical Tables (6). 
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The data are tabulated in table 1. From the average of values for the 
heat capacity a graduated value is determined by the method of Eggers 
(3). This method also gives a means of extrapolation which is used to 
give the heat capacity curve over the ranges 32.4° to 40°C. and 90° to 
102.8°C. The graduated curve for heat capacity is shown in figure 1. 
This curve may be expressed by equation 1, where < = °C. 

C = 0.803 - 1.14 X 10-^^ - 3.2 X IQ-H^ (1) 

The agreement between the values calculated by equation 1 and the 
graduated values is shown in table 1. 

The mean heat capacity over the range 32.4° to 102.8°C. determined by 
graphical integration is 0.7796 cal. per gram. This value is very close to 
the 0.781 cal. per gram reported by Pagliani (8), who determined the heat 
capacity of 1 mole of sodium sulfate in 18 moles of water over the range 
24° to 100°C. This system has an excess of the decahydrate up to 31°C., 
is unsaturated between 31° and 74°C., and has an excess of the anhydrous 
salt above 74°C. 

MEAN HEAT CAPACITY, 20°C. TO 32.4°C. 

Below 32.4°C. the saturated solution is in equilibrium with the decahy- 
drate, for which the solubility curve rises steeply. Fifty milliliters of a 
solution saturated at 20°C. are pipetted into the calorimeter. Calculation 
shows 91.5 g. of sodium sulfate decahydrate will dissolve in this to give a 
solution saturated at 32.4°C. The decahydrate is added to the solution 
in four portions over equal parts of the temperature range. Room tem- 
perature is raised at the same rate as the temperature of the calorimeter 
to eliminate radiation and emergent stem correction. Corrections must be 
made for the excess decahydrate crystals present in the solution. Data 
are not available for the heat capacity of sodium sulfate decahydrate; 
Kopp’s rule (4) may be used over this small range without great error. 

The mean heat capacity may be calculated per gram of initial solution 
or per gram of average solution. The average weight of solution is found 
by graphical integration of the solubility curve over the range 20° to 
32.4°C. The average weight must be corrected for the amount of unhy- 
drated sodium sulfate in the decahydrate, as the hydrate readily effloresces. 

From the data the mean heat capacities calculated are: 5.51 calories 
per gram of solution (average) and 7.92 calories per gram of solution 
(initial). 


HEAT OF TRANSITION 

Two values for the heat of transition are found in the literature. Cohen 
(2) found 16,509 cal. per gram-mole, and Leenhardt and Boutaric (7) 
found 18,400 cal. per gram-mole. The method used by both workers 
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started with the salt in solution and measured the heat of crystallization, 
which may be lower than the heat of transition as all of the heat of the 
crystal may not be given up immediately. The method used in this work 
was to measure directly the heat of transition. 

Sodiiun sulfate decahydrate crystals are introduced into either nitro- 
benzene or toluene as the heat transfer liquid. The liquid is heated to 
32.4°C., the decahydrate crystals added, and heat applied. As heat is 
applied, the temperature rises slowly until the transition is complete, then 
rises rapidly. By plotting temperature against time the intersection of 
the two lines gives the end of the transition. Correction is made for the 
heat necessary to bring the crystals from room temperature to the transi- 
tion t^perature. The heat capacity data for nitrobenzene as given in 
International Critical Tables (6) do not agree with those of Parks and 
Todd (9), whose data are used. The results are given in table 2. 


TABLE 2 

Heat of transition of NajSOi-lOHjO 


BUN 
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MEDIUM 

0 

18,800 

Nitrobenzene 

12 

18,900 

Nitrobenzene 

13 

18,900 

Nitrobenzene 

14 

18,600 

Toluene 

15 

18,600 

Toluene 

16 

18,400 

Toluene 

17 

18,700 

Toluene 

Average — 

18,700 



The heat of transition may also be calculated from the vapor pressure 
data for the decahydrate crystals and the saturated solution by using the 
Clausius-Clapeyron equation. The value found by this calculation is 
19,000 cal. per gram-mole. 

Data, calculations, and corrections applied are too detailed to be given 
here, but may be found in the original report of the work (1). 

SUMMABT 

1. The heat capacity of saturated sodium sulfate solution from 32.4° 
to 102.8‘’C. may be represented by the equation 

C = 0.803 - 1.14 X 10-«< - 3.2 X 10-«f' 

The mean heat capacity over this range is 0.780 cal. per gram. 

2. The mean heat capacity of saturated sodium sulfate solution from 
20° to 32.4°C. is: 5.51 cal. per gram of solution (average) and 7.92 cal. per 
gram of solution (initial). 
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3. The heat of transition of sodium sulfate decahydrate is 18,700 cal. 
per gram-mole. 
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The thermal dissociation of calcium carbonate is a chemical reaction 
of considerable technical importance, not only in the case of the calcination 
of agricultural limestone as such, but in a number of fertilizer-production 
projects, such as the fixation of nitrogen as calcium cyanamide, and in the 
several proposed potash-volatilization processes. The experiments re- 
ported here were undertaken at this laboratory in connection with the 
development of a blast furnace method of producing potash from silicate 
rocks. 

Several investigators (7, 10, 12) have shown that calcium carbonate dis- 
sociates into calcium oxide and carbon dioxide without the formation 
of an intermediate basic oxide and without solid solution of the resultant 
calcium oxide in the undissociated calcium carbonate. The atmospheric 
dissociation temperature has not hitherto been determined, however, with 
much accuracy. Among the more careful and recent measurements this 
temperature is given by Johnston (5) as 898°C"., by Smyth and Adams (9) 
as 897°C., by Andrussow (1) as 882°C., and by Tamaru, Siomi, and 
Adati (10) as 882°C. While these observers differ by as much as 16°C. 
in their determination of the dissociation temperature, the heat of reaction 
at atmospheric pressure, as calculated from the pressure-temperature equa- 
tion of these several investigators, varies about 1 per cent from a mean. 
The respective variations in temperature and slope of the logp curve 
suggest that the discrepancies were due largely to errors in temperature 
measurement. 

In Andrussow's apparatus, the thermocouple was enclosed in the reaction 
chamber in an effort to measure the actual temperature of the dissociating 
carbonate. Andrussow, however, does not refer to the calibration of his 
couple or of his millivoltmeter. Tamaru, Siomi, and Adati used a cali- 
brated thermocouple. Siiice they employed the Nernst quartz-fiber bal- 
ance method, however, they were unable to place the couple inside the 
reaction chamber. It seems probable that this external couple was not at 
the temperature of the reacting carbonate, since the vessel and couple 
were inserted into the furnace to a depth of only three and one-half times 
the diameter of the enclosing quartz tube, and since neither baffles nor 
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other thmoal protecting devices were used to minimize the thermal dis- 
turbance due to the circulation of room temperature air through the heated 
parts of the apparatus. Johnston discovered that his couple gave erro- 
neous temperatures and attempted to correct for it. 

DESCRIPTION OP APPARATUS 

In the apparatus used in the present investigation, an improved type of 
reaction chamber, thermal environment, and temperature control was 
developed. Figure 1 shows a section of the central portion of the furnace. 
This furnace was 10 in. in outside diameter and 22 in. long, and was lined 



Fig. 1. The reaction tube 

with 4i in. of insulating fire brick. A central alundum tube (A), outside 
diameter 4 cm., was wound with a nichrome heating coil which served as 
the main heating resistance. A hollow nichrome block (B), 2.5 cm. in 
outside diameter and 12 cm. long, capped with a cover plate (D) carried 
a nichrome wire auxiliary heating resistance (4). A base metal thermo- 
couple (3) was imbedded in a hole in block B and was in metallic contact 
with it. The e.m.p. in this couple was opposed by a constant external 
a Leeds and Northrup high sensitivity galvanometer was used as a 
null instrument; light reflected from the galvanometer mirror actuated a 
photocell which controlled, by a relay, the current through the auxiliary 
heater (11). Tbis device held the block at 900®C. for more than thirty 
hours with a maximum variation of 0.04®C. from its mean temperature. 
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II was found necessary to provide a tliird heating coil, tlu‘ stiun heat(‘r 
labelled 5 in %ur(‘ 1, in order to ])r(‘V(‘n1 a cold spot appc'arin^ at block I) 
due to ui)ward radiation. A thin-walled i)latiuuni reaction chamber (('), 
50 inin. long and 5.0 mm. in outsid(‘ diametc‘r, was lo(*at(‘d within block 1) 
and was conru'ctc'd with th(' (‘xternal j)r(‘ssur(‘-m('asuring systcau by a 1-mm. 
])()r(* platinum tul)(^ All comuadions in tliis ])art of th(* apjiaratu^ \\(*r(^ 
gold-sold(‘n‘d. 

Th(‘ priiuapal th(Tmocou])l(‘ (])latinum 10 piu- ciait rhodium platinum) 
\\ as gold-sold(‘r(‘d to th(‘ r(‘action chamlaa* at a low(‘r ]R)int (indicattal by th(‘ 
num(‘ral 1 in figure' 1). This coujih' had beeai (*alibrat(‘d at the' Hunaiu of 
Standards. On the' l)asis of this calibration the* nu'ltiiig point of gold was 
found in our a])paratus iirior to the installation of the' r('a,(*tion tube' to be* 
1002.9°(\ (U)(>3°(\ me'ltmg peiint e)f geilel, 1927 Inte'rnatmnal Te'mjie'rat un* 
Seade'). A s('(‘e)nd 10 jx'r e*e‘nt rlmdium platinum ware* was golel-se)lele*re‘d 
te) platinum chambe'r O at an uppea* peiint (|)e)int 2), and m eaiime'edieai with 
the‘rhe>ehum ])latmum ware at ])e)int I se'iw e'd as a ehffe'reaice* eaaiple*. Hand 
re'gulatieai eif the* eairre'iit in the* stean he'atea* 5 pre‘\eait('d a te'mjx'rature* 


TAHJJ*: 1 

J)i.ss(K Hif ntn ul (dh nuif caihduntf 
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900 :) 
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DU I' F UKM 1- 01lshH\LD 
MINI s ( VI <M J \1 I* D 

0 OS 

-fO 01 
0 00 
0 2S 


diffe're*ne*e' be'twe'e*n j)e>ints 1 and 2 eif meire* than 0.05°( \ Pre'ssun* within 
e*hanib(‘r (' was re'ael ein a me'reairy manome'te'r having an inteaaial diame'te'r 
e)f 10 mm. ddiis manonu'te'r tube' was me)unte'd in front of a mirre)re'el glass 
scale* which hael be'e'ii e*alibrate‘el at the* Bureau e)f St anelarels. Pre'ssure 
re\‘ulings we're* re*elu(*e‘d to 0°(\, and a gra^ity e*e)rre‘e*t lein oi 0 44 mm. ])e'r 
atme)si)here' ajiphe'd. Tlu'se* re'aehngs we're* pre)bal)ly ace-urate* te) 0.1 mm. 
e)f me'rcury. Be'feire aelmitting iimrcury te) the maneime'te'r, the* re'actmn 
chambe*r containing the* e*arbe)nate sainjiie* was he*ate*el te) 300°(\, ])umj)eel 
de)wn by a me*rcury diffusion ])ump, and e)utgasse*el o\’e*rnight at a pre*ssure* 
e)f 10~‘’ mm. e)f nie*re*ury as re*ad ein a McLe*e)el gauge*. 

RESULTS 

The e*arbonate sample* was taken fiTim an eiptically cle*ar crystal e)f e*ale*ite* 
from Minn(\se)ta. Analysis showe'el the crystal to e*e)ntain 0.011 j)e*r ce*nt 
e)f magnesium oxiele. A sample w’eighing 0.773 g., crushe*el te) about 
100 mesh, w as plae*e'el in e*hamber C\ filling it appre)ximate*ly half full. The* 
sam])le was subje*cted to theu’mal elissociation, the* e*arbe)n elioxide evolved 



438 


J. C. SOUTHAHD AND P. H. ROYSTER 


was measured in a buret, and the composition of the solid phase used in 
these measurements was found to be approximately 80 per cent calcium 
oxide and 20 per cent calcium carbonate, as calculated from the measured 
carbon dioxide removed. In the case of each equilibrium pressure shown 
in the table, the temperature was maintained constant from one to two 
days. In each case equilibrium was approached from both sides. 

The pressure -temperature relation recorded in table 1 may be repre- 
sented by the equation 

logioPorn. = + 0.382 logioT ~ 0.008 X 10-»T + 9.3171 (1) 

The linear relation 

AC,. = 0.70 - 0.0001 T (2) 

was assumed to rejDresent A(-,, for the dissociation reaction (2, 3, 4, 0, 8) 
in the temperature range (900-1200° K). The (*oe‘ffici(‘nts of the third 
and fourth terms in (‘(puition 1 were taken from equation 2. The second 
and fifth terms of equation 1 were adopted to give agreemc'iit with the ol)- 
servation.s as indicated in the table. 

Calculated from equation 1, the atmospheric dissociation temperatun^ 
is 894.4°C. and should bo correct to better than 0.3°C. This tem])orature 
is 12°C. higher than the 882°C. obtained indepf‘ndently by Andrussow 
and by Tamaru, Siomi, and Adati. It is 2.6°C. lower than the 897°(\ 
obtained by Smyth and Adams, which may be within their f)robable error. 
From equation 1 

167.6 == 38,550 cal. 

SUMMARY 

1. A furnace was (*onstructed containing a reaction chamber which was 
maintained isothermal within 0.04° at 900°C. for more than thirty hours. 

2. The temperature* at which the dissociation pressure of calcium car- 
bonate equals one atmosphere was found to be 894.4°C. 
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THE (TIEEPING OF SATURATED SAI/P SOLUTIONS 
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Department of dkemistry, Lehigh Uruveraitg^ Bethlehem, Penasglvatiia 

Beieieed Oetober 2S, 19!^/) 

INTHODITCTION 

Two studios of (*ro(‘piug have boon rooorch'd. E. R. AVashburn (4) 
triod various solutions and solid surfaoos and not(‘d th(‘ gonoral nature* of 
the* i)hononi(*n()n. He* obsorvod that orooping is found not only iii aepu'ous 
solutions of ol(*otrolyt(*s, but also in non-aquoous solutions (o.g, sulfur in 
oarbon bisulfido), and ooours not only on glass, but also on i)oroolain and 
inotals. J. (L F. Druoo (1), in oominon with Washburn, found quantita- 
tive* iTsults j)rae*tie‘ally iini)ossibl(‘ b(‘oauso of the* large* nuin))eT of variablos, 
but subinittf*el a list of substanoos ^‘in dosoe‘neling e)rele*r e)f or(*oping:” 
aininonium e*hloride*, zino sulfate*, barium ohle)rielo, ]R)tassium nitrato, nian- 
gane)us sulfato, sexlium ohloriele*. Drue*o ele)e*s ne)t ele*se‘ril)o his e'xporimonts. 
Washburn sc‘oms to have* we)rke'el with se)lutie)ns e*vape)rating in dislios. 
The* latte‘r offe*rs as an c'xplanation e)f the* phe*ne)inone)n tho fe)rnuitie)n e)f 
e‘apillarie\s by the* ele*])e)siteMl crystals, u]) whioh the* se)lution may riso with 
the* subse*(|ue*nt ele*})e)sitie)n e)f moro euystals and tho formation of now e*apil- 
larie's. It is diffie*ult te) })ie*ture* how tho oapillarios are* formod originally, 
for tho protrusie)!! e)f the* crystals be*ye>nd tho limits e)f tho solutieni sc'e'ins 
much like* raising one\solf by e)no’s be)otstraps. The* prose'ut authors find 
that ore*(*ping doe's not start by the* fe)rmatie)n e)f e*a])illarios, although the*s:* 
unele)ubteMlly oontributo largely to tho maintemanoo of ve*rtie*al ore*(*ping. 
The* ])rinie* faote)r in tho })re)ehie*tie)n e)f e*re*oping is the* ability of tho sohd 
solute to wet preferentially the solid surface over which the creeping takes place. 

EXPERIMENTS 

Te) e)btain a quantitative* ostiniato e)f tho height te) whiedi a ore*oping solu- 
tion wdll climb, glass re)els, tlmroiighly washe*d anel re*pe*ate‘dly rinse'el with 
elistilloel wate*r, w^oro susponde'd with the* Ie)W’e*r end of e*ae*h rod unelor 
tho surface of a saturated solution e)f edthor ammonium chle)rielo, potassium 
e'hloride, se)elium chloride, or potassium iodielo. Tho apparatus was placoel 
unelor a be*ll jar to insure* as far as peissiblo unifeirm e*e)nditions of o\’apora- 
tion. Cbncontrat(*d sulfuric acid sorv(*d as a elrying agent. 1'ablo 1 shows 
tho mimerical results obtaine*d. 

In agroomont w ith tho results of Druoo, ammonium ohloriele is tho ‘diost” 
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creeper. However, the numbers listed are rough averages. Three rods 
were suspended in each solution and the average height to which the solute 
climbed was recorded. In spite of every care to insure nearly uniform 
conditions, results could not be checked by subsequent experiment, except 
in the case of potassium chloride. In fact, the three rods suspended simul- 
taneously in the same solution would be covered to heights differing by 
an inch or more. This shows that a control of the usual macroscopic 
variables is insufficient to secure concordant results. Doubtless such 
practically uncontrollable factors as local concentration and temperature 
(‘onditions in the immediate neighborhood of a deposited crystal have a 
great influence upon the rate and charac^ter of succeeding deposits there. 

It was evident that creeping was of two sorts. Along the rod itself 
and closely adherent to it was a layer of very fine crystals. Once creeping 
had commenced, the upper edge of this crystal mass was added to fairly 
regularly. At intervals this process was halted tem|X)rarily and more 

TABLE 1 


Creeping on. glass rods 



] 

HBIOHT IN INC HES AFTKK 


SOLTTTE 





18 hours 

24 hours 

90 Ijours 

KI . . 

] 3 

1 9 

2 r> 

NaCn 

0 0 

0 6 

1 f) 

KCl 

3 0 

3 0 

3 0 

NH4CI 

2 5 

3 0 

3 T) 

NH4CI* 

2 0 

2 :> 

3 3 

KCl 

3 0 

3.0 

3 0 


* This solution contained I per cent gelatin. 


crystals w^ould grow outside the first layer. The first layer was regular 
and even; the second and succeeding layers grew in localized regions and 
irregularly. Dome-shaped, pyramidal, or cauliflower-like growths ap- 
peared, and not infrequently ^‘hair crystals’" (2, 3). Ammonium chloride 
was particularly prolific in this respect. The distinction between the two 
sorts of creeping was even more evident when studied microscopically. 

Very frequently deposition of crystals took place in the bulk of the 
solution continuously for some time (e.g., eighteen hours in the case of 
sodium chloride) before creeping commenced. Invariably, as far as the 
eye could detect, crystallization began on the surface of the rod well below 
the surface of the solution before creeping was visible. According to Wash- 
burn"s explanation of creeping, the rod, which was certainly clean and wet 
with the solution, should have allowed creeping immediately, and there 
should have been no necessity for the presence of crystals well beneath 
the surface to initiate the process. 
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When drops of the solutions were evaporated upon glass slides, the 
deposited crystals were found over an area far larger than that of the 
original droj). That they found their way out over the slide by a mecha- 
nism identi(*al with that by which they crept up rods or the sides of beakers 



Fi(j. 1. Beakers eontaining ammonium chloride solution which was allowed to 
evaporate freely: (a) evaporation in progress; (b) after reaching dryness 

was evident. This arrangemimt made possible microscopic observation 
of the process using magnification up to 500 times. Invariably creeping 
was preceded by crystallization in the interior, and began at those points 
where the crystals approac^hed and thrust against the edge of the dro]). 
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Note in figure 2a how the uppermost crystal of potassium chloride appears 
to be pushing or stretching the edge of the drop. 



C 


Fig. 2. Photomicrographs, taken at intervals of a few seconds, of the beginning 
and progress of creeping in a drop of potassium chloride solution. 2a and 2b were 
taken with bright field illumination; 2c with dark field. 


In many drops, especially of solutions of ammonium chloride and the 
alkali halides, another curious thing took place. The advance of creeping 
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was regular and fairly rapid xmtil suddenly there oecurred a “flooding.” 
The advaneing mass* of ery,stals was very suddenly broken uj) and inun- 
dated by a relatively large quantity of .solution. In about half the ea.ses 
of flooding th(‘ very out.ernio.st ring of material is unaflfeeted, remaining 
fixt'd in position during the whole process until creeping begins again. In 
other eases the outer edge is also loo.sened and is mu-pl back towards the 
center of the drop. After flooding occurs, creeping ceases until the loosened 
mass beeomes compact again through settling and the deposition of further 



Fkj 3. lllustratiiifi; the trares of the periodie flooding phent)inenon 


rrystallinc inatorial. Flooding is invariably localizeul. Kcgular creeping 
occurs at other points of the periphery even while' flooding is proecf'ding 
at certain point s. The (Tystal mass loosened by flooding and siibse(|uenth" 
reeonsolidated is noticeably thicker that the unflooded ]K)rtions. Kach 
successive flooding produces a new thickening, and it is possible to look 

^ Of course the crystals themselves do not move while creeping is going on. The 
outer edge of the deposited material advances bccaust' new crystals grow beyond 
the limits of those alr<*ady there. 
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at a dried drop and tell how many floodings occurred during the creeping 
(cf. figure 3). A similar appearance was observed in the material which 
had climbed the glass rods in the previous experiments. 

Negative results were obtained when a definite rhythm was sought in 
the floodings. Although a certain tendency towards a definite time in- 
terval between floodings could be traced in a given region of a given 
drop, the interval bore no simple relation to those observed even in other 
portions of the same drop. Some drops went to complete dryness without 
observable flooding at all. 

MECHANISM OF CREEPING 

The hypothesis which seems to the authors most fruitful in explaining 
the phenomena connected with creeping is as follows. A drop of solution, 
becoming supersaturated by evaporation, will deposit crystals wherever 
there are nuclei. Since these are not necessarily at the edge of the drop, 
crystals often appear first in the interior. No crystals will form outside 
the drop, for the reason that no solution and so no solute exists beyond th(» 
drop.2 This applies with equal force to the possibility of crystallization 
beyond the visible limits of the solution in the common case of creeping 
up the wall of a dish. The notion that crystallization can o(*cur there 
and so form capillaries up which the solution may climb appears highly 
improbable. 

The small crystals first formed in the interior of the drop may be and 
frequently are drawn by the action of surface forces to the three-phase lin(‘ 
where solution, glass, and air meet. It often happens that crystals are 
formed near this line, because the convex surface of the drop nearby pro- 
motes evaporation and so local supersaturation, which favors crystalliza- 
tion. The crystals now have the opportunity, if the interfacial tensions 
are of the proper magnitude, of wetting the glass preferentially, i.e., of 
coming into intimate or optical contact with it, no solution or solvent inter- 
vening. The solution touches and wets the glass all around but not under 
the crystal. The crystal will grow most rapidly in the direction away 
from the drop, because crystallization is most rapid in the thin film of 

* It is true that aqueous solutions ‘‘wet'’ glass, but the angle of contact is almost 
never zero in practice, and is certainly not so when a drop will maintain its shape 
and not spread to form a film of uniform thickness. The possibility of a mono- 
molecular film, or even a very thin polymolecular film, over the slide beyond the 
limits of the drop is not entirely precluded, but the film, if it exists, contains a 
wholly negligible amount of solute for two reasons: (1) in aqueous electrolytic 
solutions the solute is negatively adsorbed to the surface, and the film would be, 
in a manner of speaking, all surface; (2) spreading to such a thin film probably 
occurs by evaporation and subsequent recondensation at favorable points, a pro- 
cedure which is impossible for the solute (cf. N. K. Adam, The Physics and Chemistry 
of Surfaces, Oxford University Press, 1930). 
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solution covering the outer edge of the crystal. The growth of the crystal 
in this direction carries the solution along with it. The crystal grows out- 
wards, covered by a layer of solution which extc^nds })eyond the advancing 
edge and there acts as a mother liquor for the growth of the (Tystal already 
formed and for the formation of new ones if nuclei appear. The layer is 
constantly replenished from the body of the drop. 

Such a growth on a horizontal slide where what small (effect gravity 
has would assist the spreading, might conceivably continue steadily until 
all th(' solvent had evaporated, and this does happen in the abscnice of 
flooding. Not infreciuently the area originally occupied by the drop is 
almost bare of deposited crystals at tln^ end, practically the entire mass of 
solution having followed the creeping crystals. 

It may be noted in the various illustrations that th(^ cnHq)ing mass is 
very (‘ompact and that there are certainly no obvious capillaries. It is 
highly probable that there are no capillary spac(\s beneath the outer crystals. 
The solution is advancing over thi'm, not through or under them. 

If some fault in the mass permits the liquid to penetrat(* it and reach 
the slide, thus getting under the crystals, there is a sudden and violent 
alteration of surface energy r(‘lations. Th(' mass is broken up as far as it 
can b(' l()os(uied by the shock. The advanc(‘d edge of th(‘ solution experi- 
ence's a force t(*nding to make it assume more or less the position it origi- 
nally occupie'd. The' tiny individual crystals become s(‘parated and tend 
to b(* pulh'd back to the main body of the drop. This is evidence that if 
the crystals were* not in intimate contact with the slide, cTeeping would not 
take place. 

The fact that flooding is sometimes abseuit shows that it is not an essential 
part of creeping but is caused by fortuitous circumstances, say the existence' 
of a very minute spe'ck of impurity on the slide which presents th(' crystal 
from making optical contact. 

It oftc'ii happens that little knobs and other growths appear in the crept 
material on the slide just as they do in material which cree'ps on rods. 
They are especially frequent in the thicker regions wlu're flooding has 
occurred. They represent the ‘^efiforescent’^ (Teeping, i.e., creeping upon 
previously deposited crystals. Both solution and solute will Ix' able to 
wet su(*h a surface readily. In spite of this it is usually true that tin' 
major portion of the material is to be found in the smooth “mural” cre(*ping 
(creeping directly along the wall), and only a small part in the knobs. This 
is due in large jiart to the relative snwothnesfi of the surfaces. Freshly 
grown crystal surfaces, being nearly plane, can come into intimate contact 
with smooth surfaces far mon' readily than with rough. The glass plate 
or rod is smooth, while the mass of small crystals, oriented more or less 
at random, is rough. In following the rough surfaces such growths as do 
occur may proceed in any direction, even vertically. In the process of 
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flooding and subsequent reconsolidation it is readily conceivable that 
some droplets of solution may become trapped and have no outlet for 
depositing crystals except upwards. 

Drops were allowed to dry simultaneously upon (i) a polished slide, (ii) 
a slide etched by hydrofluoric acid, and (iii) a slide ground upon a fine 
stone. In every case creeping was definitely less pronounced upon the 
rough than upon the smooth surface. This may seem surprising, because 
liquids will spread farther upon rough than upon smooth surfaces because 
of the (capillary attraction of the pits and grooves. That creeping occurs 
less readily upon surfaces which are more easily wet by the solution itself 
is good evidence that it is the ability of the solid solute to advan(‘e by wet- 
ting the surface that is the primary factor.® In support of these experi- 
ments it w^as found that the addition of wetting agents such as gelatin 
and gardinol caused the liquid drop to be flatter but had no effect upon the 
extent of creeping, as judged by the relation between the area of the drop 
and the area covered by creeping.^ 

The effect of gravity was ascertained to be negligible by allowing (lro])s 
to dry upon slanting slides or even hanging from the bottom. No signifi- 
cant effect was observed. Surface effe(‘ts take preeeden(‘e entin4y. Wash- 
burn (4) remarks that after crystallization has proceeded up to the rim 
of a dish and has started down the outside the advance^ is accelerated, 
because the solution ^‘siphons^^ out and gravity helps instead of hindering. 
This has not been the experience of the authors in the relatively few cases 
in which they studied creeping out of beakers. If a glass rod ho allowcnl 
to rest against the side of the beaker, (*reeping seems to procee^d just about 
as readily up the rod above the rim as over the rim and dow7i the beak(u’ 
(cf. figure 1). 

The following observation affords direct evidence that the solid solute 
wets the slide. If a drop of solution is allowed to dry, and the slide is 
examined from heneathy it will be noticed that there is a distinct diffenuice 
between the outer edge of the crept crystals and the remainder of the 
deposited solute. Let the slide be held in such a position that it refl(»cts 
the light from a patch of sky or a frosted bulb. If there are no crystals 
on the slide, light will be reflected uniformly from l)oth surfaces of the slide. 

3 Washburn (4) notes that sulfur in carbon bisulfide creeps readily over metallic 
copper “in spite of” the fact that a deposit of sulfide of copper immediately forms. 
This is merely an extreme case in which the solute “wets” the supporting surface 
chemically. 

^ Quantitative results are hard to obtain. Ratios such as that mentioned were 
measured for fifty drops nearly identical in magnitude and conditions of evapora- 
tion. They varied from 2.78 to 11.61, with a mean of 6.12 and a mean deviation 
of 1.72. All conclusions recorded in this paper have been drawn from a large num- 
ber of experiments in order to obtain a reliable average. Quantitative conclusions 
drawn from a single experiment are entirely untrustworthy. 
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Fig. 4. Showing that tho outer rim of crystals which have crept on a slid<* is in 
very intimate contact with the slide 
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If the air beyond the farther surface is displaced by a crystal or any other 
medium of large refractive index, the amount of light reflected is cut down 
considerably. Hence those portions of the farther surface with which 
the crystals are in optical contact will appear relatively dark. It is always 
the outer rim of crept material which gives this effect, as shown in figure 4a.® 
Figure 4b shows the same slide in the same position, but after the crystals 
had been rubbed off as well as possible with the ball of the thumb. It is 
typical that the outer rim of crystals should resist removal by rubbing, an- 
other indication of the extremely intimate contact of these crystals with 
the slide. They must be scraped off with the finger nail. The closely 
adherent crystals are evidently those which appeared dark in the first 
picture. It is clear that the outer rim of crystals has a close hold upon 
the slide and pulls the liquid with it as it grows. 

FACTORS INFLUENCING CREEPING 

Among the factors governing the extent of creeping, crystal habit is 
one of the most important. Ammonium chloride is typically dendritic 
and creeps rapidly. On the contrary, potassium nitrate forms rod-like 
crystals and so grows preferentially in one direction. Hence ammonium 
chloride usually creeps to form a roughly circular mass conforming to 
the shape of the drop, while potassium nitrate forms a few directed 
masses.® Further, the formation of a relatively simple structure of few 
units similarly directed offers less opportunity for flaws leading to flooding. 
Ammonium chloride floods habitually, potassium nitrate only exception- 
ally. The alkali halides, which are cubic like ammonium chloride but not 
usually dendritic, do not creep as readily as ammonium chloride. 

The nature and structure of the supporting surface is obviously impor- 
tant. Smooth surfaces are better for creeping than are rough. It is also 
evidently necessary that the solution wet the surface or it would not 
advance in front of the crystals. It was found that ammonium chloride 
solutions crept decreasingly well on the following surfaces: glass, stearic 
acid, vaseline, paraffin, sulfur. This is about the order in which these 
surfaces are wetted by water. 

® This photograph was obtained as follows. Light from a frosted Mazda bulb 
was reflected by means of an inclined glass plate down upon a slide bearing on its 
under surface the crystals formed during the evaporation of a drop of potassium 
nitrate solution. The light reflected from the slide passed back through the glass 
plate into the camera vertically above the slide. Superposed upon the image of 
the bulb can be seen the dark regions where the crystals are in optical contact. 
The other crystals can be seen faintly by scattered illumination. 

* It may be of interest to note that observation of the deposited potassium nitrate 
between crossed Nicols shows that the major portion of the material in one of the 
directed masses has the optical axis similarly directed, although the thickness 
varies from point to point and observation with ordinary light shows a number of 
separate crystals. 
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Even if the sui)portiiig surface can be wetted by both solute^ and solution, 
(‘reaping may not occur. If the fr(»e surface energy of the crystal -solid 
interface is gn^ater than the combim^d free* surface energies of th(‘ solution 
solid interface and tlu^ solution-crystal interface, the crystalline solute 
cannot wet th(‘ solid surface preferentially and creeping cannot commence. 

The above applies to creeping directly along the wall,— ‘hnurar'cr(‘ep- 
ing. It is possible, Iiowc^tt, for envping solutes to cross a barrier of, say, 
sulfur, as follows. By ''(‘fflor(\scent’' creeping the solute builds up a wall 
of material at th(‘ ('dge of the barricn*. Such walls havT b('(*n obser\'ed to 
grow to heights of over 2 mm. on slid(‘s. By a continuation of (dflor(\scent 
creeping parallel to, but not in actual contact with, the supporting surface. 



Fkj. 5a Knob of ammonium chloride crystals formed on the end of a f^lass capillary 
of about 1 mm. outside diameter 

the solute advancers almost indefinitely. If the barrier is narrow and oth(*r 
circumstances arc right, mural creeping may re(*ommence on the other 
side of the barrier. Narrow barriers actually do not prevent creeping. 

When the solute is creeping upwards along a beaker wall the formation 
and maintenance of capillaries must be important. It is probables that 
strictly mural cre(^x)ing must be supjilemented by floodings which loosen 
the mass a little, permitting the formation of capillaries. A somewhat 
violent flooding might seriously damage the layer of crystals at a particular 
point and induce efRor(»scent creeping there. In figure 1 are two beakers 
of ammonium chloride solution, one just afiproaching dryness and the 
other dry. Note the localized growths, particularly on the stirring rod 
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Fig. 5b. Potassium nitrate crystals grown on the end of a glass capillary of 
about 1 mm. outside diameter. Note the sheath of crystalline material along the 
outside of the tube and the numerous and complicated growths of “hair crystals,’’ 

in the first beaker, and the consolidated mass of growths in the other. 
The capillaries serve to keep the advancing edge supplied with solution 
and they fail to do this if they become either too wide or clogged, as 
Washburn has pointed out. 
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EFFLORESCENT STRU CTU R ES 

The crystalline structures formed by ef!lor(*scent cnM‘i)ing are intc^rost ing 
and worthy of study. If a vory fine glass capillary is allowcnl to stand in 
a .saturated solution of ainnioniuni chloride or pota.ssiuni nitrate to such a 
depth that the solution will rise to the top of it, crystals are deposited then*. 
In SOUK' ca.ses knobs of material are formed (figure 5) and practically no 
crc'cping down the out.side of the tube' (X'curs. (Jnc(‘ a spherical mass of 
l)otassium nitrate' crystals over in diamete'r was obtaiiw'd. In other 



Fic. (). “Ibiir crvstjils” of ])otHSsium chlorid<\ Xoto the* roHoiiibljiiice* to figiiro oa. 

Thf* hair crystal is hollow and has giown a knob on top 

cases cr(*e|)iiig down the tube also takes ])lac(', and in both cases hair 
crystals an* frequently formed (figures 5 and 6). The formation of hair 
(*rystals without th(‘ use of collodion or silica gel is being studi(*d. 

SUMMARY 

The previous work of Washburn and of J^ru(*(‘ has b(‘en extended, and 
a f(*w roughly (quantitative r(\sults obtained. The hypotlu'sis advanced 
by them as to the mechanism of cr(‘eping has bet'ii extcMuh^d to explain thc^ 
formation of the cai)illari(*s tlu^y assume. Cn^eping is supposed to occur 
when the solute is capable of displacing the solution from, and spn'ading 
over, the supporting surface. Creeping is commonly accompanied by 
‘ ^flooding, a process whi(*h loosens the compact mass and pcTinits capil- 
laries to form. The solution rises through the capillaries and over the 
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outermost edge of deposited material, which has been shown to bo in optical 
contact with the surface. 

The effect of the nature of the supix>rting surface, of the crystal habit 
of the solute, and of the various free surface energies involved has been 
discussed. 

Certain curious crystal formations have been noted. 
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INTRODUCTION 

There are two different points of view with regard to the relation- 
ship between the mininnun physical properties and the isoelectric point of 
a protein. Loeb (4), who studied gelatin, concluded that at the iso- 
electric point the physical properties of a protein are all at a minimum. 
Michaelis (5) developed a theory according to which the solubility of an 
amphoteric substance is directly proportional to the ionization, so that 
at the isoelectric point the solubility must be at a minimum. An entirely 
different opinion concerning the relationship between the isoelectric point 
and the minimum physical properties of gelatin is held by Johlin (2). 
He reported that there is no definite relationship between the minimum 
physical properties and the isoelectric point of gelatin, as pointed out by 
Loeb and Michaelis. Very recently, however, Pedersen (7) found that the 
pH at the minimum solubility of certain blood proteins (helix, hemocyanin) 
coincides with their isoelectric points. 

No record, hitherto, can be found in the literature concerning the iso- 
electric point of glycinin. It is the purpose of this investigation to deter- 
mine the isoelectric point of glycinin, i.e., the point at which the negative 
and positive charges carried by the glycinin particles are equal; and, fur- 
thermore, to study the relationship that exists between the isoelectric 
point and the minimum of certain physical properties such as viscosity, 
solubility, and conductivity. 


EXPERIMENTAL 

Materials 

The glycinin used in this study was prepared by the modified Osborne 
and Clapp method (6). It was twice purified by dissolving in 10 per cent 

1 This is one of two papers constructed from a dissertation presented by Libin 
Tsi Cheng to the Faculty of the Graduate School of Indiana University in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy in Chemistry, 
June, 1934. 

* Chief Research Biochemist, Department of Physiological Chemistry, the Science 
Society of China, Nanking, China. 
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sodium chloride solution, filtering, dialyzing, and finally treating with 
methyl alcohol and ether. 


Method of procedure 

The isoelectric point of glycinin was foimd by means of electrophoresis. 
The pH values at which the glycinin solution showed minimiun physical 
properties were also measured. 

(a) pH measuremenis. The pH values reported in this paper were all 
measured by means of the hydrogen electrode at 25®C. (±0.1®). In some 
cases these values were checked with measurements made with the quin- 
hydrone electrode at the same temperature. 



(b) Electrophoresis. The apparatus and method of Sherman, Thomas, 
and Caldwell (8), slightly modified by the authors, was used in this study. 
A sketch of the apparatus is shown in figure 1. The procedure employed 
is described as follows; A 0.5-g. sample of glycinin was dissolved in 50 ml. 
of 1 per cent sodium chloride solution in a 125-ml. Erlenmeyer flask. 
The mixture was shaken for 20 minutes and then filtered. More 1 per 
cent sodium chloride solution was added to bring the volume of the filtrate 
to 50 ml. Fifteen milliliters of the protein solution thus prepared was 
takoi for each determination and was drained into a large Pyrex test tube 
to which was added 15 ml. of buffer mixture of definite pH. Potassium 
phthalate-eodium hydroxide buffer mixtures of various pH were prepared 
aoccH’ding to Clark (1). This resulting solution was thoroughly mixed 
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and its pH measured. Twenty-five milliliters of the protein-buffer mixture 
was then pipetted into the U-tube (figure 1); this quantity just filled the 
bend, x, and the stopcocks, A and B. After all the bubbles were excluded, 
the stopcocks A and B were closed. The two arms above the stopcocks 
were washed with distilled water and filled with buffer solution of the 
same pH as w’^as used in preparing the protein-buffer mixture. The level- 
ing bridges (J) and the connecting flasks (G) were then inserted. Buffer 
solution of the same pH was used to fill the entire bridge. This was ac- 
complished by opening the stopcock, F, adding the buffer solution to one 
end, and letting it flow through the bridge to the other end. The electrode 
vessels (I and I') and their bridges (K) were also filled with the same 
buffer solution and inserted in the connecting flasks (G). Solid copper 
sulfate and a copper electrode were placed in vessel I, and solid potassium 
biphthalate and a platinum electrode were placed in vessel I'. When the 
whole apparatus was assembled as shown in figure 1, the stopcocks H, H', 
and F were opened in order to adjust the level in the whole system. A 
110-volt direct current was turned on while the stopcocks, H, H', and F 
were still open and the stopcocks A and B closed. The stopcocks H 
and H' were then loosely closed, so that a film of the buffer solution 
surrounded them, thus conducting the current. The stopcock F was 
then closed as tightly as possible. Stopcocks A and B were then opened 
simultaneously. The electrophoresis was continued for twenty-four hours 
in each determination and at 20°C. (±1°). At the end of twenty-four 
hours the stopcocks A and B were both closed simultaneously, the current 
broken, and the other parts disconnected. The solution present in each 
arm of the U-tube was then poured carefully into two large test tubes. 
The arms were rinsed thoroughly with distilled water. The solution in 
the bend of the U-tube was emptied through stopcock C with stopcocks 
A and B open. The pH of the latter solution w as determined again. Five 
milliliters of the solution from each arm of the U-tube was used to deter- 
mine the nitrogen content by the Koch-McMeekin-Kjeldahl method (3). 

(c) Solubility measurements. In order to determine the solubility of 
glycinin, 10 ml. of a 1 per cent solution of glycinin prepared by dissolving 
1 g. of glycinin in 100 ml. of 1 per cent sodium chloride solution was mixed 
with 10 ml. of a buffer mixture of desired pH. The mixture was shaken 
for five minutes and then centrifuged for ten minutes. The clear liquid 
part was decanted into a dry test tube. Five milliliters of this clear liquid 
was taken for total nitrogen determination by the Koch-McMeekin- 
Kjeldahl method (3). A Duboscq colorimeter was used in determining 
the nitrogen content of the solution. The solubility is expressed in terms 
of the per cent nitrogen in solution (table 2). 

(d) Viscosity determinations. Ten milliliters of the 1 per cent protein 
solution was mixed with 10 ml. of buffer mixture. After shaking for ten 
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TABLE 1 

ElectrophoreBts of fflycinin 


pH Of frotstn solittion bcfors 

KLSCTBOFBOBBSIS 

N IN MO. PXB 500 lO^. XN CATMOD1C 
SOLUTION 

N IN MO. FNB 500ml. XN ANOBXO 
SOLUTION 

4.25 

15.0 

2.3 

4.43 

6.4 

6.0 

4.63 

6.2 

5.8 

4.83 

5.7 

5.5 

4.94 

3.7 

3.4 

5 . 02 * 

2.2 

2.3 

5.11 

3.6 

3.8 

5.23 

6.5 

5.6 

5.42 

6.2 

6.3 

5.63 

6.0 

6.6 

5.83 

6.4 

8.8 

6.05 

6.5 

9.0 

6.28 

2.0 

10.5 


• Isoelectric point « pH 5.02. 


TABLE 2 


Solubility of glycinin 


pH 

DUBOaCQ COLOBIMNTSR BBADXNQ 
OF UNKNOWN* 

N IN MO. PBR 50 ML. 

3.25 

12.0 


3 45 

13.4 

4 48 

3 65 

14.4 

4.17 

3.85 

15.4 

3.90 

4.05 

16.4 

3.66 

4.23 

17.4 

3.45 

4.43 

18.4 

3.21 

4.63 

20.5 

1 2.93 

4.83 

21.4 

2 81 

5.02 

23.1 

2 60 

5.42 

22.4 

2.68 

5.63 

15.0 

4.00 


* The standard reading in each instance was 20. 


TABLE 3 


ViscoBity of glycinin 


pH 

TIMB OF FLOW* IN 
BBCONDB 

pH 

TIME OF FLOW IN 
SBCONDB 

3.6 

85.0 

4.6 

83.0 

3.9 

84.5 

4.8 

80.0 

4.0 

84.0 

5.0 

79.8 

4.2 

83.8 

5.2 

82.1 

4.4 

81.0 

5.4 

88.0 


* All determinations were checked several times, using two different Ostwald 
viscosity pipets at 26 *C. (dbO.l®). 
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minutes, the time of flow of this solution was determined by means of an 
Ostwald viscosity pipet at 26®C. The pH was also determined in each 
case at the same temperature. 



Fia. 2. Solubility of glycinin at different pH values 



Fig. 3. Viscosity of glycinin at different pH values 

(e) Conductivity measurements. In making the conductivity measure- 
ments the resistance of the mixtures of 10 ml. of 1 per cent glycinin solu- 
tion and 10 ml. of each buffer mixture was measured in the usual way. The 
resistance of each buffer solution employed was also determined in order 
to obtain by difference the conductivity due to protein. 
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TABLE 4 


Conductivity of glycinin 


pH 

R 

BUFFER 

ALONE 

R' 

BUFFER- 

PROTEIN 

D 

(R' - R) 

AD 

AC 

AC 

ApH 


ohms 

ohms 

ohms 




4.2 

591.1 

1113.0 

521.9 

12.9 

0 07751 

0.03875 

4.4 

562 0 

1071 0 

509.0 

30.0 

0.03333 

0.01666 

4.6 

531.0 

1010 0 

479.0 

31.5 

0.03174 

0 01587 

4 8 

492 0 

939.5 

447.5 

30 5 

0.03277 

0 01688 

5 0 

460.3 

877.0 

417.0 

32.1 

0 03115 

0 01557 

5.2 

425 0 

809 9 

384.9 

27 4 

0.03650 

0 01825 

5.4 

396 5 

754 0 

357 5 

22 1 

0.04524 

0 02262 

5 6 

371.9 

707 3 

335 4 

16.1 

0 06211 

0 03105 

5 8 

356 7 

676.0 

319 3 

15.3 

0.06536 

0.03218 

6.0 

346 2 

649 0 

304 0 






42 46 50 S4 58 


pH 

Fig. 4. Change in conductivity of glycinin with change in pH 
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RESULTS 

The data given in table 1 show clearly that the migration of the glycinin 
particles is at a minimum near a pH value of 5.02. 

The minimum solubility occurs near a pH value of 5.02 (see table 2). 
The curve shown in figure 2 was obtained by plotting the pH as abscissa 
and the solubility expressed in milligrams per 50 ml. of solution as ordinate. 

The data in regard to the viscosity of glycinin (table 3) show that the 
minimum time of flow occurred at a pH of 5.0. The curve obtained by 
plotting the time of flow in secjonds against pH is shown in figure 3. The 
pH at which the protein shows a minimum time of flow is the same as the 
pH at which the protein shows its minimum viscosity. Therefore the 
minimum viscosity of the glycinin solution is near a pH value of 5.0. 

The results of the conductivity measurements arc given in table 4. 
R represents the resistance of the buffer solution alone, while R' is the 
resistance of the buffer-protein mixture. The resistance due to the pro- 
tein is indicated by D, The term AD is the change in resistance due to a 
change in pH of 0.2; AC, the change of conductivity; and ApH the corre- 
sponding change of pH. The ratio, AC/ApH, represents the change in 
conductivity with respec^t to an accompanying change in pH. 

According to the data in table 4 the value of the ratio AC/ApH reaches 
a minimum when the pH is 5.00. 

CONCLUSION AND DISCUSSION 

It is clearly shown in the foregoing data that the isoelectric point of 
glycinin is near a pH value of 5.02 as determined by electrophoresis. Ac- 
cordingly, the minimum physical properties, i.e., solubility, viscosity, and 
the ratio, ACyApH, of the glycinin solution all occur at a pH of 5.0. The 
difference of pH in the isoelectric point as determined by electrophorcvsis 
and the pH of minimum physical properties is only 0.02. Thus, the 
data presented in this paper evidently confirm Loeb^s statement (4), 
namely, that protein solutions showr minimum physical properties at their 
isoelectric point. The difference of 0.02 in pH is no doubt within the 
limits of experimental error. 
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The study of the effect of concentration on the apparent properties is, 
in the case of most electrolytes, limited to a relatively small range of 
concentration. Since there is no reason (5, 8) to expect the variation of 
solution properties to exhibit a discontinuity at the saturated state, one 
means of increasing the range of concentration is to consider the super- 
saturated state along with the unsaturated state. It was with this object 
in view that the present series of measurements of calcium nitrate solutions 
were undertaken. Highly supersaturated solutions of this salt, it will be 
recalled, are quite stable. 

PURIFICATION OF MATERIALS 

Water was doubly distilled, once from dilute alkaline permanganate, 
and once from dilute sulfuric acid through block-tin condensers. 

Calcium nitrate was made by dissolving 1 kg. of technical calcium car- 
bonate in an excess of c.p. nitric acid. After filtration to remove insoluble 
matter, the solution was made basic by adding pure calcium oxide in slight 
excess and again filtered to remove the insoluble magnesium hydroxide and 
most of the slightly soluble strontium and barium hydroxides. Further 
purification of the salt was accomplished by bringing about the crystalliza- 
tion of the tetrahydrate from a slightly acid solution, the crystals of which 
were collected and finally drained in the centrifuge. Two crops of the 
crystals, each roughly one-third of the material, were collected and the 
residual mother liquor discarded. The first crop gave negative tests for 
strontium, barium, and iron, and was used in making the first stock solu- 
tion (No. 23). The second crop contained traces of strontium, barium, 
and iron. This portion of the salt was ultimately combined with solutions 
prepared from stock solution No. 23, and the crystallization process was 
repeated. The material obtained at tliis stage gave no further evidence of 
impurity and was used in making up stock solutions No. 20, No. 22, and 
No. 19. The calcium nitrate in the solutions prepared from these stock 
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solutions was again recovered by recrystallizing as the tetrahydrate and 
used to prepare stock solutions Nos. 18 and 21. 

PBEPABATION AND ANALYSIS OP SOLUTIONS 

All of the solutions which were investigated were prepared by diluting 
or concentrating stock solutions. The solutions more dilute than the 
stock solutions were made by diluting weighed portions of the stock solu- 
tion with water, the composition being obtained from the ratio of the 
weights before and after dilution. The supersaturated solutions were 
prepared by evaporating weighed amounts of the stock solutions in weigh- 
ing flasks on the hot plate at about 70®C. During this operation the flasks 
were kept covered to prevent entrance of dust. When the solutions had 
evaporated to the desired composition, the flasks were stoppered, cooled, 
and weighed. Suitable counterpoises were used in all weighings and 
vacuum corrections were applied. 

The analysis of four of these stock solutions was carried out by the fol- 
lowing method, which is a modification of that described by Ewing (1). 
Enough solution to yield about 1 g. of anhydride was weighed in weighing 
bottles and evaporated in an electric oven at 110®C. overnight. The 
samples were then seeded with a minute particle of the anhydride and 
dehydrated to the anhydride by gradually raising the temperature to 
170®C. Constant weight was usually attained in twenty-four hours, the 
samples being cooled in a desiccator over phosphorus pentoxide before 
weighing. In all cases triplicate determinations were made and vacuum 
corrections applied. 

That this method of analysis is trustworthy and precise was shown by 
two sets of experiments which were carried out solely as checks. In one 
case, stock solution No. 20 was analyzed by the conventional oxalate 
method as well as by the dehydration method described above, giving the 
following values for the per cent of calcium nitrate: 


Mean of Average 

Analytical method S analyses deviation 

Oxalate -+CaO 63.65 0.10 

Dehydration 63.40 0 02 


In a second series of experiments, a solution was prepared by melting 
crystals of the tetrahydrate which had been dried in a vacuum desiccator 
over 60 per cent sulfuric acid (2). Analysis of this stock solution (No. 26) 
by the dehydration method gave 69.47 for the per cent of calcium nitrate, 
with an average deviation of 0.01. This mean figure is practically that 
(69.50 per cent) calculated from the formula of the tetrahydrate. 

Toward the end of the work, when the high concentration region had 
been thoroughly investigated, three of the stock solutions were analyzed 
from density measurements. In order to have a sufficiently sensitive 
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means of determining the composition of these solutions from their density 
values, the following procedure was adopted. Using the data obtained 
from the four stock solutions analyzed by the dehydration method, a large 
scale plot of the </> (apparent mplal volume) values against the corre- 
sponding density values was constructed. From this plot the <t> value.s 
of the three new stock solutions could be read directly. With the <l> value 
known, the composition of the solutions could then be calculated from the 
equation: 

Per cent Ca(NOj)2 in the solution = ~ 

Mvv, — 0 

where 

M — molecular weight of calcium nitrate, 

Vy, = specific volume of water = -i-, and 

dw 

Vs = specific volume of solution = 4- 

da 

This equation is a direct consequence of the definition of 

DETERMINATION OF DENSITIES AND COMPRESSIBILITY COEFFICIENTS 

Three different sizes of pyknometers were employed for the determina- 
tion of the densities of the calcium nitrate solutions. For all of the un- 
saturated solutions except Nos. 1, 2 and 4, the 100-ml. pyknometers 
described by Scott, Obenhaus, and Wilson (9) were used. In the case 
of the three exceptions just noted, the densities were determined with a 
500-ml. pyknometer. Because of the difficulty of handling large amounts 
of the very viscous supersaturated solutions, a small 25-ml. pyknometer 
was employed in the density measurements of these solutions. Both the 
large and small pyknometers were of the same design as the 100-ml. 
pyknometers. It may be remarked here that, although the uncertainty 
in the density values is greater the smaller the volume of the pyknometer, 
the estimated uncertainty in the apparent molal properties turns out to 
be approximately constant for all concentrations. 

The filling of the pyknometers with unsaturated solutions was carried 
out in the usual way. With supersaturated solutions the following 
procedure was found necessary. The solution was first warmed to about 
70°C. in order to reduce the viscosity, and then drawn by suction into a 
pi pet having a capillary stem. The solution in the pipet was then dis- 
charged slowly into the pyknometer by application of air pressure. 

The apparatus and the procedure for the determination of the com- 
pressibility coefficients of the solutions have been described fully in pre- 
vious papers (9, 10). It is interesting to observe that the glass piezometer 
has shown practically no change over a period of more than a year of con- 
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stant use. Thus, the value of the compression of the piezometer filled 
with mercury was redetermined and found to be 0.151 g. in place of 0.160 g., 
the former figure. Using this new value, the results of several new experi- 
ments yield for the compressibility coeflicient of water 41.78 X 10“®, a 
value which is essentially the same as the earlier value, 41.80 X lO"®. In 
all calculations of the compressibility coeflScients 4.00 X 10~® has been 
accepted, as before, for the coefficient for mercury. In filling the piezom- 
eter with the supersaturated solutions, the method described above for 
filling the pyknometer was used. Since with the more concentrated 
solutions a greater period of time was required for the attainment of 
pressure equilibrium, a general practice was made in all measurements of 
taking the pressure reading 30 minutes after the initial application instead 
of after the customary 15 minutes. 

EXPERIMENTAL RESULTS 

The results of the experiments are summarized in table 1. The origin 
of each solution and the method whereby its composition was determined 
are indicated by the symbols in parentheses following the solution number. 
In this code *‘an'^ and ^‘dens’^ signify that the solution was a stock solution 
and that the composition was determined by the dehydration or density 
procedure, respectively. Further, if the solution was prepared by con- 
centration or dilution of a stock solution, say No. 23, this fact is shown by 
the symbols ^*c23^' or '‘d23.'^ All density values recorded in the table are 
the results of a single measurement. A majority of the compressibility 
coefficients are the mean values of duplicate measurements, the average 
deviations of which from the mean are given in the last column. The 
subscript digits in the last decimal place of some of the values indicate 
that the uncertainty may be as much as 3 or 4 units in that place. 


DISCUSSION OF RESULTS 


From the data given in table 1, values of 
B (apparent molal compressibility), and / 


<f> (apparent molal volume), 
have been cal- 


culated by methods already described (10, 11) and are listed in table 2. 

The relationships between the two apparent properties, tf) and (5 +/), 
of calcium nitrate and the square root of the concentration of this elec- 
trolyte are portrayed in figure 1. The solid dots in this graph represent 
the values given in table 2 and the open circles represent values at 
18®C., which were calculated from data tabulated in the International 
Critical Tables. It should be noted perhaps that the quantities used in 
constructing the (J5 + /)~c* plot are for solutions under a pressure of 200 
metric atmospheres. The other two plots both portray solution data at 
atmospheric pressure. Attention is also called to the fact that at the top 
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of the graph a supplementary scale is marked which, corresponding to the 
bottom scale, shows the number of moles of water (n„) per mole of solute 
in the more concentrated solutions. 

With regard to the general nature of the 0-cf relationship, a question 
which has been the subject of numerous studies in recent years, two dis- 
tinct views are held at present. According to Masson’s empirical rule (6) 

TABLE 1 


Results of measurements on calcium nitrate solutions 


SOLUTION NO 

WEIOHT PElt CENT 

DENSITY' AT 35^0 

0 X 10« AT SS'C 

AVERAOE 

DEVIATION 


0 00 

0 994059 

41 78 

<0 01 

1 ((121) 

0 5282o 

0 997926 



2 (d21) 

1 209# 

1 002917 



3 ((122) 

4 1147 

1 0244, 



4 (d21) 

4 8072 

1 02966o 



5 ((123) 

7 337 

1 04907 



6 ((122) 

13 997 

1.10274 

36 40 

0 02 

7 (dlO) 

18 07o 

1 13762 



8 (dl4) 

19 903 

1 1539o 



9 (d23) 

21 I 84 

1 16567 

33 51 


10 (dl8) 

23 548 

1 1870o 



11 (dl9) 

25 626 

1 2 O 663 



12 (dl9) 

26 632 

1 2162» 



13 (dl8) 

27 45, 

1 2241 4 



14 (dl8) 

28 57, 

1 2351 0 



15 (d23) 

32 62« 

1 27637 

29 31 

0 04 

16 (dl8) 

39 639 

1 35108 



17 (d23) 

47 Olo 

1 43632 

24 20 

<0 01 

18 (dons) 

52 39 

1 50289 



19 (an) 

53 25 

1 5138h 



20 (an) 

53 40 

1 5 I 6 O 0 



21 (dons) 

53 44 

1 5164, 



22 (dons) 

53 72 

1 52006 



23 (an) 

M 80 

1 5339i 

21 70 

0 01 

24 (c23) 

65 18 

1 6772 

18 83 

0 04 

25 (an) 

69 47 

1 7418 



26 (o20) 

72 82 

1 7941 

16 78 


27 (o22) 

75 23 

1 8351 



28 (c22) 

75 51 

1 8392 

16 06 



the relationship for strong electrolytes is linear, the rate of change of 
</> with being markedly different for electrolytes of the same valence type. 
Theoretically also, as Redlich and Eosenfeld (7) have shown, this rela- 
tionship in extremely dilute solutions should be linear, but the slope in 
this case is established by the valence type of the electroljrte. With these 
two conclusions in mind it is interesting to examine the plot in 
figure 1. Since it is obvious that the plotted points do not fall on a straight 
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line, it must be concluded that solutions of calcium nitrate do not conform 
to Masson’s rule. A similar, direct test of the theoretical deduction of 
Redlich and Rosenfeld is not possible, because our measurements do not 
extend into the region of extremely dilute solutions. It is worth noting, 
however, that the actual rate of variation of ^ with in dilute solution is 
very much smaller than the theoretical value which is indicated in the 
graph. Furthermore, if, as is quite possible, the actual slope should 

TABLE 2 


Apparent molal properties of calcium nitrate solutions 


fiOLUnON 

NO. 

c 

caoQ 


0900 

- B X 104 

/X 104 


moletiliter 

moleafliter 

ml . 

ml . 



1 

0 0321209o 


44. 14 




2 

0.0739446 


44.64 




3 

0.25686 


46.2 




4 

0 301632o 


46.36 




5 

0.46906 


47 1 




6 

0 94059 

0 9474* 

48 82 

49 5« 

36 80 

1 01 

7 

1.2527 


49.80 




8 

1.3995 


50 2o 




9 

1 5048 

1.5149 

50 36 

51 O3 

33 92 


10 

1.7033 


51. 13 




11 

1.8844 


51.5* 




12 

1 9739 


51 83 




13 

2 0478 


52.06 




14 

2 1504 


52.32 




15 

2.5379 

2 552b 

53.16 

53. 7o 

26.9* 

1 99 

16 

3.2636 


55. 03 




17 

4.1146 

4.1346 

56.96 

57 34 

18 92 

2 09 

19 

4.9126 


58 63 




20 

4.9333 


58.64 




23 

to 

5.145o 

59 0« 

59.36 

14 53 

2 09 

24 

6.6618 

6.687o 

61 92 

62 O9 

8 58 

2.07 

25 

7.3737 


63.07 




26 

7.961 

7.988 

63.99 

64 08 

4 66 

2 02 

27 

8.413 


64 52 




28 

8.463 

8.490 

64.6* 

64 69 

3 39 

1.99 


approach the theoretical slope as the coneentration approaches zero, the 
complete 0-c* relationship would necessarily have a point of inflection 
in the region of dilute solution, a fact which would be indicative of a 
definite alteration in the structure of the solution state. 

We have made two attempts to find a function which would represent 
the experimental data. The first possibility to be investigated was that 
^ is linearly dependent on c*, where x has some other value than one-half, 
a relationship which Masson found to be valid for weak electrolytes and 
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non-electrolytes. The most satisfactory function of this kind may be 
written as follows: 

0 = 44.32 + 4.687c0-7‘> (1) 



Fig. 1. Plots of apparent molal properties of calcium nitrate against the square 
root of the concentration. The two upper plots depict the apparent molal volume 4 > 
(left-hand ordinate) and the lower plot, the apparent molal compressibility [S -f /] 
(right-hand ordinate). 

line A in figure 1 represents the values of calculated from this equa- 
tion, plotted against cK Although equation 1 appears to be reasonably 
satisfactory for a limited concentration range, it is by no means adequate 
for the entire concentration range covered by the experiments. 

A second and more promising function is expressed by the following 
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equation, the constants of which were determined by the method of least 
squares: 


« = 43.35 + 4.782c* + 0.908c (2) 

Line B in the figure represents the variation of the calculated values of 0 
with changes in c*. It may be noted that the average deviation between 
the calculated and experimental values of <t> is slightly less than 0.1 ml., a 
quite satisfactory figure. A still better ^'fif* could be obtained if the data 
of the most uncertain solutions, those made from the first stock solution 
(No. 23), were neglected in the calculation of the constants of the equation. 

Concerning the (J5 + /)-c* plot in figure 1 only a few comments can be 
made. Because of the relatively large uncertainty in the plotted (B + f) 
values as well as the limited number of points available, no decision can be 
made as to the nature of the relationship between (B + /) and concentra- 
tion. One possibility is that (B + /) is linearly dependent on c*, the 
relationship indicated by the straight line drawn in the graph. The 
theoretical slope of this square-root relationship, as derived by Gucker (4) 
from considerations similar to those underl 5 dng the Redlich-Rosenfeld 
theory, is indicated in the graph. A second possible relationship is one 
analogous to equation 2, for if (B -f- /) values are plotted against the 
corresponding ^oo values, the plotted points, with the exception of those 
for the two most dilute solutions, fall closely on a straight line. The slope 

of this line has the value 2.3 X 10““^ 

00200 

In concluding this discussion of the apparent properties of calcium 
nitrate in solution, it will be of interest to examine them further along lines 
which were developed in previous studies of the apparent properties of 
alkali halides in solution. First, it may be recalled that the maximum 
conceivable value of the apparent molal volume <l>m is reached, according to 
definition, when 


0 , 


1000 

Cm 


(3) 


On the assumption that equation 2 is valid up to this limit of the solution 
state, the maximum value ^ has been computed to be 73.5 ml. As was 
found to be the case with the alkali halides, this figure is a trifle larger than 
the molecular volume of the anhydrous salt, measurements of which range 
from 67.5 ml. to 73.4 ml. The maximum value of (5 + /) corresponding 
to <t>m, assuming that these two quantities are linearly related, turns out to 
be 18.0 X 10“*. The hypothetical value of the compressibility coefficient 
of the solute in this state is therefore 18.0 X 10*^/73.5 = 24.5 X 10"*. 
This figure, by analogy with the corresponding quantities found with the 
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-alkali halides, must be much greater than the compressibility coefficient of 
the solid anhydrous salt, the value of which has never been determined. 

Another estimate of the compressibility coefficient, of the solid salt 
can be made, provided the relationship between (S + /) and <^200 is linear. 
Using the empirical rule, which was found to be valid for solutions of the 
alkali halides and which is expressed by equation 8 of paper No. 1 (10), is 
calculated to be 12.4 X 10~®. This estimate must be looked upon as 
somewhat too large. It is, for instance, approximately ten times greater 
than the compressibility coefficient of calcium carbonate. The failure to 
get a more reasonable value for ps is due doubtless to the inapplicability 
of (equation 8, mentioned above, rather than to a mistake in assuming a 
linear relationship between (E + /) and <^ 200 . 

Finally, it may be noted that, although calcium nitrate in the solid state 
is known (3) in the forms of the di-, tri-, and tetra-hydrates, there is no 
definite evidence in the plots in figure 1 that these hydrates exist in the 
solution state. The fact that the </> and (B f) values of the most concen- 
trated solutions are low could be the consequence of a change in the solution 
state at a concentration corresponding to Ca(N 03 ) 2 *41120, the hydrate 
stable at 35*^0., but, because of the difficulty of working with the very 
viscous solutions, it is equally probable that the low values are due to 
I'rrors in the measurements. 

For the sake of comideteness we may record the fact that the density at 
35°C. of the crystalline tetrahydrate was found to be 1.896, which is 
<\ssentially the same as the values (1.78 to 1.90) reported in the literature. 
Using this figure, the </> value is calculated to be 52.0 ml., which is 11.1 ml. 
low(T than the 0 value of the supercooled hydrate (solution No. 25). An 
attempt to determine the compressibility coefficient of the hydrated salt 
with our present piezoiiK’ter was unsuccessful. 

SUMMARY 

Measurements of the densities and compressibility coefficients of both 
unsaturated and supersaturated solutions of calcium nitrate have been 
made at 35°C. 

The effect of concentration on the apparent molal volume and compress- 
ibility of the solute is discussed. It is found that neither the empirical 
relationship of Masson nor the theoretical relationship of Redlich and 
Rosenfeld is applicable to these solutions. 
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INTRODUCTION 

In a study of the two-component system hide substance-hydrogen 
chloride, using the method of Bancroft and Barnett (1), Beck (2) reports 
that a compound is formed in which the combining weight of hide protein 
for hydrogen chloride is 332. The complete phase diagram w^as not ob- 
tained, but the compound was reported to have a dissociation pressure 
equivalent to 30 mm. of mercury at room temperature. Using the same 
method, Tsai and Hsiao (3) found that at 35®C., hydrogen chloride com- 
bines with hide protein to the extent of 26.4 mg. of HCl per gram of hide 
substance, to give the latter a combining weight of 1380. The dissociation 
pressure of this compound they reported as being equivalent to 1.41 mm. 
of mercury at 35°C. In the present work, complete phase rule data, 
obtained by the method of Bancroft and Barnett, are given for the two- 
component systems hide substance-hydrogen chloride and hide substance- 
ammonia. In neither case is there found to be any evidence of compound 
formation. 


MATERIALS 

The hide substance used was American Standard Hide Powder, obtained 
from the Standard Manufacturing Company of Ridgway, Pa., and was 
used without further treatment other than drying. The hydrogen chloride 
was generated by the action of c.p. sulfuric acid on crystalline ammonium 
chloride. It was dried by passing through two 4-in. columns of sulfuric 
acid before being added to the system. The ammonia gas was taken 
directly from a cylinder of anhydrous ammonia, obtained from the Mathe- 
son Company, North Bergen, N. J. The gas was passed through a 12-in. 
column of soda lime before being admitted to the reaction flask. The 
mercury was vacuum distilled before using. 

METHOD 

A weighed amount of hide powder was placed in a calibrated flask, which 
communicated with the gas supply through one arm of a mercury ma- 
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nometer connected directly to the reaction flask. After evacuation of the 
system, gas was added to the flask a few cubic centimeters at a time, 

TABLE 1 


Adsorption of hydrogen chloride by hide powder at low pressures 
dp/dv « 0.96 


HCl PRESENT AT 26*C. 
AND 760 MM. Hg 

EQUILIBRIUM PRESSURE 

HCl ADSORBED BY 6.0 G. 
OF HIDE POWDER 

x/m IN MG. HCl PER 
GRAM OP BIDE POWDER 

CC. 

mm. Hg 

CC. 

mg. 

9.6 

0 012 

9.6 

2.86 

29.9 

0 04 

29.9 

8 90 


0.10 

60.7 

18.1 

76.7 

0 15 

76 6 

22 8 

98 5 

0 36 

98.1 

29.2 

124.4 

0 48 

123 9 

36.9 

165 0 

1 20 

163.7 

48 8 

203.5 

2.20 

201.2 

60 0 


TABLE 2 

Adsorption of hydrogen chloride by hide powder 
dp/dv “1.24 


HCl PRBSSKT AT 25**C. 
AND 760 MM. Hg 


CC. 

177.2 
295 3 
312 7 

349.3 

374.6 

400.7 
459 
554 
709 
819 
942 

1302 

1371 

1461 

1298 

1200 

1074 

934 

793 

693 

573 

401 


BQXJILXBMUM PRESSURE 

mm. Hg 

1 5 
7 8 
9 5 
11 5 
15 6 
19 5 
34 8 
68 2 
150 
208 
300 
586 
649 
725 
555 
463 
343 
224 
122 
70 
32 
9 


HCl ADSORBED BY 6.0 G. 
OP HIDE POWDER 


CC. 

176 

289 

305 

340 

362 

385 

431 

499 

588 

651 

700 

829 

848 

877 

850 

826 

798 

754 

695 

637 

547 

394 


x/m IN MO. HCl PER 
GRAM OP HIDE POWDER 


mg. 

52 

86 

91 

102 

108 

115 

128 

149 

175 

194 

209 

247 

253 

261 

253 

246 

238 

225 

207 

190 

163 

117 


waiting until the pressure reached a constant value before making further 
additions. The free gas remaining in the system at equilibrium was 
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calculated from the existing pressure and the previous calibration. Sub- 
traction of this calculated value from the total amount of gas added gave 
the volume of gas taken up by the sample. By plotting the equilibrium 
pressure against the corresponding amounts of gas taken up by the sample, 
the phase diagram for the system gas-hide substance may be obtained. 
All pressure readings were made at 25°C. 

Table 1 contains the data obtained for the system hydrogen chloride- 
hide substance, at low pressures. Table 2 contains the data for the same 
system over a greater range of pressure. Table 3 summarizes the data for 
the system ammonia-hide substance. The A'p/Av values given in the 


TABLE 3 

Adsorption of ammonia by hide powder 
dp/dv = 1.82 


NH> PSKBENT AT 25‘’C. 
AND 760 IIM Hg 

1 

EQUlUBRlUlf PRESSURE 

NHa ADSORBED BY 5 0 C. 
OK HIDE POWDER 

x/m IN MO NHa per 
ORAM OF HIDE POWDER 

CC. 

mm . Hg 

CC. 

mg. 

136 

40 

114 

15 9 

214 5 

91 

165 

22 9 

273 

138 

197 

27 4 

398.5 

263 

254 

35 3 

434 

295 

272 

37 9 

460 

345 

279 

38 8 

548 

423 

315 

43 8 

658 

5C)0 

350 

48 7 

805 

732 

404 

56 4 

908 

856 

437 

60 7 

810 

718 

415 

57 5 

756 

646 

401 

55 6 

688 

557 

382 

53 2 

561 

394 

344 

47 8 

429 

255 

289 

40 2 

255 4 

102 5 

199 

27 6 

85 7 

18 5 

75 5 

10 5 

36 2 

5 5 

33 2 

4 6 


tables were obtained from the calibrations, and represent the change of 
pressure in the system, in millimeters of mercury per cubic centimeter of 
gas, measured at 25®C. and 760 mm. of mercuiy. 

DISCUSSION 

The phase rule, P + T = C -f 2, where P represents the number of 
phases, V the number of degrees of freedom, and C the number of com- 
ponents, tells us that when a system of two components exists in three 
phases at constant temperature, the number of variables or degrees of 
freedom is zero. At constant temperature the pressure must remain 
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oonstaat as long as three phases exist. On the phase diagram, the simul* 
taneous existence of three phases is represented by a ‘‘flat,^' showing con- 
stant pressure, parallel to the axis of composition. The length of the flat, 
as measured on the composition axis, gives the ratio of the two components 
in the compound. When two components exist in but two phases at 
constant temperature, the number of degrees of freedom will be one, and 
the pressure will vary simultaneously with the composition. In this 
case a plot of the equilibrium data will result in a smooth curve. Phase 
diagrams constructed from the data of tables 1, 2, and 3 are of this tsrpe, 
showing that an adsorption complex rather than a true compound is 
formed. 

An important factor to be considered in the construction of the phase 
diagram between hide substance and gases is that of equilibrium and the 
rate of its attainment. The disagreement of results in the present work 
with the results of Tsai and Hsiao and with the results of Beek is un- 
doubtedly due to this factor. Tsai and Hsiao report that the equilibrium 
between hydrogen chloride and hide substance is established in one to 
two days. In the early course of this investigation it became apparent 
that a period of time considerably longer than one to two days was neces- 
sary for the system to arrive at the true equilibrium value. A period of 
twenty to twenty-five days was found in most cases necessary before 
readings that checked within the experimental error of the method were 
obtained. What has just been said applies in particular to the case where 
one proceeds from a lower to a higher pressure. In the reverse case, the 
hysteresis curves, obtained by proceeding from a higher to a lower pressure 
by removal of gas, represent values nearer the true equilibrium values, 
since check readings were usually obtained in fifteen to eighteen days after 
extraction. Since the pressure will decrease after addition of gas and 
increase after removal of gas, the conclusion is reached that the true 
equilibrium values lie between the two curves and are more nearly repre- 
sented by the hysteresis or ‘^down'' curve than by the ^‘up'^ curve. The 
experimental point at a pressure of 300 mm. and an x/m value of 209 may 
be used in support of this argument. This point is the value obtained 
after standing approximately twenty-five days. At this time it became 
necessary for the system to remain without further addition of gas for an 
additional period of time extending from July 14, 1933 to September 8, 
1933, or approximately eight weeks. At the end of this time the pressure 
had fallen to a value of 287 mm. and the x/m value increased correspond- 
ingly to a value of 216. These values lie between the ‘‘up’^ and “down^^ 
curves. 

The compound reported by Beek, whose vapor pressure was in the region 
of 30 mm. of mercury, had an equivalent weight of 332. This corresponds 
to 110 mg. of HCl per gram of hide substance. An examination of the 
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present work shows that the up curve gives an xjm value of 125 at 30 mm. 
of mercury, and the down curve, which probably represents a truer equilib- 
rium value, gives an a:/m value of 160 at the same pressure. Thus one 
must conclude that Beek's system had not reached equilibrium. 

SUMMARY 

Complete phase rule data, obtained by the method of Bancroft and 
Barnett, are given for the two-component systems hide substance-hydrogen 
chloride and hide substance-ammonia. An interpretation of these results 
indicates that adsorption complexes rather than definite chemical com- 
pounds are formed. 
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A number of explanations have been advanced to account for bac- 
teriophage and its action on bacteria. No evidence yet presented validates 
any one of these. D’Herelle considers phage to be animate, Wollman and 
Wollman (9) see a connection between it and the heredity of the organism, 
and Bronfenbrenner (2) believes it to be a stimulant of bacterial me- 
tabolism. 

It is the purpose of this paper to propose and consider another hypothe- 
sis. It is suggested that phage may be a suspension of extremely small 
crystals of one or more of the compounds contained in the homologous 
bacteria. Bacteriophagy, then, would be the seeding of these amorphous 
compounds by the phage particle and their subsequent crystallization. 

Evidence has been presented by a number of workers to show that phage 
is particulate; the size of the particles for various phages has been measured. 
That phage acts as an antigen indicates it is a protein, and Schlesinger’s (8) 
analysis of a phage, in which he found 13 per cent nitrogen, confirms this. 
A number of proteins have been crystallized, so the hypothesis meets no 
difficulty here. Since proteins are hard to crystallize, it would be expected 
that spontaneous formation of crystals would be rare and that seeding 
would be highly specific; that is, only the appropriate crystal would start 
the amorphous compound crystallizing. Both of these conditions are in 
accord with the character of bacteriophage. A particular phage will 
attack only its homologous bacteria and closely related species. Further- 
more, the spontaneous appearance of phage has been reported once or 
twice, although this has been generally ascribed to contamination. Plan- 
tureux (7) claimed to have prepared phage by what was essentially a 
crystallization method. He added graded amounts of calcium chloride 
solution to cultures of bacteria. 

When bacteria are attacked by phage a number of cells simply disappear, 
while others swell until they burst. This is readily explained by the 
crystallization hypothesis. If the cell wall were damaged during crystalli- 
zation, the contents of the cell would be discharged at once into the me- 
dium; if the cell wall retained its strength, swelling would follow. Con- 
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sider the interior of a cell in which crsrstallization had taken place. 
Synthesis would cease and, under the influence of the intracellular enzymes, 
chemical equilibrium would be restored. This would result in an increase 
in the number of molecules within the cell and water would be imbibed 
until the cell burst. In either case, the destruction of the cell would cause a 
dispersion of more crystalline material. Andrewes and Elford (1) have 
shown that if lysis is inhibited by sodium citrate, there is no increase in 
the amount of phage. 

If bacteriophagy is crystallization caused by a seeding crystal, it should 
be sensitive to protective substances and to high viscosity. Bronfenbren- 
ner and Hetler (3) have shown that the presence of 4 to 6 per cent agar 
in the medium inhibits bacteriophagy; Colvin (4) and Evans (6) have 
demonstrated that serum, ascitic fluid, saliva, pus, and urine have the 
same effect. D’Herelle (5) reported inactivation with glycerol. 

The granular appearance of bacteria subject to bacteriophagy is perhaps 
an indication of crystallization. 

D’Herelle (5) found bacteriophage to become more resistant to the 
action of deleterious physical and chemical agents during the flrst few days 
following its separation from susceptible bacteria. He mterpreted this 
to mean that the smaller, less well fed parasites were the more resistant. 
On the basis of the present argument, it would be explained as the tendency 
of the larger crystals (which would grow at the expense of smaller ones) 
to keep their crystal structure longest under adverse conditions. The same 
applies to the gradual inactivation phage imdergoes on standing. 

If bacteriophage is the crystalline form of cell constituents, it should 
not have antigenicity independent of the homologous bacteria. Results 
of various investigators seem to show that it is an independent antigen. 
However, the procedures followed may not be decisive. If the bacterial 
antibodies are removed from the test serum by treating it with the whole 
bacteria, and the resulting serum gives a precipitation reaction with 
purified phage, the possibility remains that a compound within the cell 
was concerned, the antibodies for which would not have been removed. 
The antibodies should be removed with a suspension of disintegrated 
bacteria; if precipitation were still obtained from the phage-serum mix- 
ture, the hypothesis would be invalidated. 

Riactivation of phage by serum should not be considered as evidence 
against the crystallization hypothesis; a crystal could be so coated as to 
be ineffective by traces of agglutinin which could not be removed from 
the serum. 

My thanks are due to Dr. R. E. Buchanan and Dr. E. I. Fulmer for 
their careful consideration of this hypothesis. 
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Departure of the behavior of binary liquid solutions from ideality has 
provoked a number of attempts to correlate measurements of physical 
constants with the state, and change of state, of molecular aggregation 
within the solution. The conclusions that may be drawn from a study of 
one type of constant, howTver, are often but partially sustained by, or 
wholly inconsistent with, those deduced from studies of some other con- 
stants. It is at present rather generally presumed that mutual solution 
of two or more liquids may be accompanied by dissociation of complex 
groups of molecules present in either or all of the component liquids into 
simpler units, and by aggregation of unlike molecules as a result of com- 
pound formation or the so-called process of solvation. Inconsistencies in 
the application of this view" are attributed to variation in the sequence and 
degree in which the association, dissociation, and solvation occur as a 
result of the different thermodynamic conditions in w"hich measurements 
of different constants are performed. The vagueness of such assumptions 
emphasizes the qualitative nature of our knowledge about these processes. 

Various investigators have examined diverse phases of the problem of 
solution (2, 3, 4, 5, 6, 7, 10, 18). In this laboratory property“Comi)osition 
data are being accumulated for binary systems of low" molecular w^eight 
alcohols with low molecular weight hydrocarbons of the aromatic series 
and with six-carbon cycloparaffins, and for ternary systems of the above 
combinations with water as the third component (11, 14, 15, 16). It is 
hoped that an extensive study of such systems will reveal more of the 
mechanism of solution than is at present known, and that results of such 
studies may afford generalizations more widely applicable than those in 
vogue. 

During the course of these investigations interest in the pertinence of 
heats of mixing to the problems of solution has arisen. Know ledge of the 
specific heats of solutions is a prerequisite of the determinations of heats 
of mixing, and a study of the literature reveals but very few’ data on the 
specific heats of solutions of organic liquids. The purpose of the present 
work w"as to devise a convenient and efficient technique for determining 
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the specific heats of liquid mixtures and for measuring the heat changes 
attending the solution of the liquids, and to study these and other proper- 
ties of the system methyl alcohol-toluene. 

MATERIALS 

Methyl alcohol The methyl alcohol used was a synthetically prepared 
Iiroduct of a degree of purity originally greater than 99.5 per cent. This 
alcohol was desiccated over lime and carefully fractionated in an all-glass 
still. The relative density of the purified product was d 4 ** = 0.78672, and 
the refractive index was = 1.32659. 

Toluene. The best grade of toluene obtainable from the Eastman Kodak 
Company was treated repeatedly with freshly cut sodium and fractionated. 
No change in density was observed. A sample showed only a faint yellow 
coloration after standing over concentrated sulfuric acid for several hours. 
The relative density of the material was d 4 *" = 0.86229 and its refractive 
index =: 1.49365. Toluene obtained from the Mallinckrodt Chemical 
Company was used for supplementary determinations of the thermal 
quantities after it had been treated with concentrated sulfuric acid, then 
sodium, and finally fractionated. 

EXPERIMENTAL 

Apparatus and procedure 

Specific heats of solutions of methyl alcohol and toluene through the 
concentration range were measured adiabatically at 25®C. and 35''C. by a 
method involving the use of a Dewar flask in a hand-controlled air bath as a 
calorimeter. Heat was supplied to the liquids by a heating coil of nichrorne 
wire of measured resistance, which was connected to two 6 -volt storage 
batteries and a silver coulometer in series. The magnitude of the current 
passed was calculated from the weight of silver deposited in the coulometer 
and the length of time of deposition, the latter being measured with a stop- 
watch. The temperature rise was measured on a Beckmann thermometer 
which passed through a stopper fitting tightly in the Dewar flask. A series 
of five copper-constantan thermocouples indicated when any difference of 
temperature existed between the liquid in the flask and the air of the bath, 
and the bath was heated or cooled to restore equality of temperature. The 
heat supplied for each determination was calculated from Joule’s law. All 
solutions for these and other measurements were prepared with weight 
pipets. The heat capacity of the calorimeter, which was found to be 20.86 
cal. per degree at 25®C. and 21.41 at 35®C., was determined by using 
toluene and methyl alcohol as ^'standard” liquids in the calorimeter. The 
values are the averages of groups of determinations in which the average 
deviation from the mean is less than 0.7 per cent. The values used for the 
specific heats of methyl alcohol and toluene are those of Bose ( 1 ) and of 
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Williams and Daniels (17), respectively. The specific heats of methyl 
alcohol and toluene recalculated on the basis of the determined heat capac- 
ity of the calorimeter are 0.610 and 0.392 at 25°C. and 0.613 and 0.402 at 
35®C. 

The calorimeter was a Dewar flask of approximately 200-cc. capacity 
fitted with a cork stopper coated with water glass and equipped with a 
Beckmann thermometer graduated in 0.005°, a vertical glass stirrer, five 
thermocouples, and a nichrome heating coil. The series of thermal junc- 
tions was connected to a critically damped w^all galvanometer whose 
deflections were observed with the customary arrangement of telescope and 
scale. The thermocouples were used only to indicate if a difference of 
temperature existed inside and outside the calorimeter. The resistance of 
the heating coil, which was found to be 7.730 ohms at 25°C., was measured 
potentiometrically by balancing the IR drop across the coil against the IR 
drop across a Bureau of Standards 10-ohm resistance. The temperature 
coefficient of the resistance of the heating coil exerted a negligible effect on 
the quantities measured at 35°C. 

The air bath was a wooden cabinet 3x3x2 feet in dimensions, equipped 
with a window to permit observation of the interior, a large fan for circu- 
lating the air, and heating and cooling units which permitted rapid adjust- 
ment of the temperature of the interior to any desired value. A long metal 
shaft, attached eccentrically to a pulley above, passed through the roof of 
the cabinet and operated the stirrer in the calorimeter. The Beckmann 
thermometer in the calorimeter was read through the window of the cabinet 
by means of the telescope on a cathetometer. 

The silver coulometer consisted of two electrodes of sheet silver, approxi- 
mately 13 X 10 X 1 mm. in dimensions, supported by silver wires welded to 
them. These electrodes were suspended in a 1-1. beaker filled with an 
electrolyte, prepared according to the method of Wartenburg and Schutza 
(12) and stirred by a rotary stirrer. The cathode was wT'ighed, before and 
after each deposition, after it had been thoroughly washed with distilled 
water, dried in an electric oven at 125°C. for ten to fifteen minutes, and 
allowed to cool twenty minutes. The electrodes were interchanged after 
six depositions had been made on one of them. The silver coulometer 
proved to be convenient and reliable for measurements of current strength. 
A good quality stop-watch graduated in tenths of a second was used to 
measure the lengths of time that current passed in the circuit. 

Heat changes of mixing were measured for the concentration range at 
25°C. and 35°C., using the same calorimeter as for the measurements of 
specific heats. A small flask, also equipped with thermocouples, was 
suspended in the cabinet in such a manner that a weighed amount of one 
liquid could be delivered directly into the calorimeter to be mixed with a 
weighed amount of the other liquid. The entire system was closed and 
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in temperature equilibrium before mixing. Temperature changes occurred 
within one minute, and it was found unnecessary to maintain adiabaticity 
during such a short time interval. It was necessary, however, to deter- 
mine the heat capacity of the calorimeter for this short interval of tempera- 
ture change. The value 16.9 cal. per degree was used for calculations at 
25'’C. and 17.6 at SS^C. 

The densities of the series of solutions were determined at 25°C. and 
SS^C., using pycnometers of the type designed by Wade and Merriman 
(13). Volume changes were calculated from the measured densities. 


TABLE 1 

Specific heals 


WEIGHT PEB 
CENT ALCOHOL 

WEIGHT OP 
BOLTJTION 

CATHODE 

WEIGHTS 

TEMPERATURE 

RISE 

TIME IN 
SECONDS 

SPECIFIC HEAT 



T - 

25°C. 



10 17 

84 440 

0 2910 

3 920 

540 

0 453 

18 71 

83 743 

0 2974 

3 996 

540 

0 474 

28 37 

83 025 

0 2971 

3 856 

540 

0 503 

37 43 

82.678 

0 3065 

4 083 

540 

0 518 

52 27 

81 452 

0 3268 

4 021 

600 

0 547 

60 77 

80 944 

0 3310 

4 058 

600 

0 564 

70 94 

79 991 

0 3174 

4 095 

540 

0 581 

80 34 

79 493 

0 3028 

3 873 

510 

0 GOO 

89 55 

79 041 

0 3337 

3 985 

600 

0 607 

T « 35°C. 

9.17 

85 030 

0 3145 

4.181 

588 

0 447 

18.73 

83 791 

0 3063 

3.913 

576 

0 479 

28 09 

83.273 

0 3149 

4.104 

564 

0 503 

37 96 

82 236 

0 3124 

4 044 

552 

0 525 

47.66 

81 608 

0 3128 

4 086 

540 

0 541 

57.63 

81.675 

0 3034 

3 833 

528 

0 560 

68 21 

80 555 

0 3068 

3 970 

516 

0 577 

78 47 

79.627 

0.3048 

3 951 

504 

0 597 

89.25 1 

78.231 

0.3081 

4 126 

492 

0 610 


Refractive indices of the solutions were measured with reference to the 
D line of sodium at 25‘’C. and SS'C. with a Bausch and Lorab immersion 
t3q)e refractometer. 


RESULTS 

Some of the values obtained for the specific heats of the methyl alcohol- 
toluene solutions at 25°C. and 35°C. are given in table 1. The first column 
to the table, from left to right, expresses the weight per cent of alcohol in 
the solutions; the second, the weight of solution used in the determination; 
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the third, the weight of silver deposited in the cathode of the silver coulo- 
meter ; the fourth, the temperature rise observed on the Beckmann thermom- 
eter; the fifth, the time in seconds during which the determination was 
performed; and the sixth, the calculated specific heat of the solution. 



tablp: 2 

Changes in specific heat and partial molal specific heats 


H 

e 

PS 

0 

H H 

g§ 

a < 

Cp AT 25*C. FROM 
GRAPH 

CALCULATED Cp AT 

25“C 

CHANGE OF Cp AT 
25“C PER CENT or 
CALCULATED Cp 

Cp AT 35“C FROM 
GRAPH 

t- 

< 

e, 

O 

o 

u 

H 

h 

CHANGE OF Cp AT 
35*C PER CENT OF 
CALCULATED Cp 

H 

< 

c. 

o 

s 

H 

■< 

a 

< 

o 

1 * 

Cp ALCOHOL AT 25*C. 

C p TOLUENE AT 25®C. 

Cp ALCOHOL AT 35"C. 

Cp TOLUENE AT 35"C. 

00 0 
10 0 

0 392 

0 448 

0 392 
0 414 

-h8 2 

0 402 
0 454 

0 402 
0 423 

1 

+7 3 

36 1 
34 7 

37 0 
35 2 

31 1 

36 3 

29 8 

37 3 

20 0 

0 481 

0 436 

4-10 3 

0 486 

0 444 

+9 5 

32 2 

32 6 

28 7 

I 36 7 

27 6 

37 6 

30 0 

0 504 

0 457 

+ 10 3 

0 510 

0 465 

+9 7 

29 7 

30 1 

25 1 

37 8 

25 0 

38 4 

40 0 

0 524 

0 479 

+9 4 

0 528 

0 486 

+8 6 

27 6 

27 8 

22 8 

39 0 

22 9 

39 6 

50 0 

0 541 

0 501 

+8 0 

0 545 

0 508 

+7 3 

25 7 

25 9 

21 4 

40 1 

21 7 

40 5 

60 0 

0 559 

0 523 

+6 9 

0 562 

0 529 

+6 2 

24 2 

24 4 

20 5 

41 2 

20 5 

42 0 

70 0 

0 576 

0 546 

+5 7 

0 580 

0 550 

+5 5 

22 9 

23 1 

20 4 

41 5 

20 4 

42 2 

80 0 

0 592 

0 566 

+4 6 

0 597 

0 571 

+4 6 

21 8 

22 0 

20 3 

41 7 

20 3 

42 2 

90 0 

0 604 

0 588 

+2 7 

0 610 

0 592 

+3 0 

20 7 

20 9 

20 1 

43 0 

20 1 

43 2 

100 0 

0 610 

0 610| 


0 613 

0 613 


19 5 

19 6 






Duplicate determinations on solutions of the same concentration in all but 
a few cases vary less than 0.5 per cent. 

Figure 1 is a graphical representation of the data shown in table 1. The 
upper curve shows the values obtained at 35®C. and the lower those at 25®C. 
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In table 2 the first column is the weight per cent of alcohol in the solu- 
tions; the second, the specific heat of the solution at 25'’C. read from an 
enlarged graph like figure 1; the third, the specific heat of the solution 
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WEIGHT PER CENT OF ALCOHOL 
Fig. 2 


TABLE 3 
Heats of mixing 


WBIGRT PBR CENT 

-W EIGHT OP 

Cp or MIXTURE 

TEMPERATURE 

HEAT OP MIXING IN 

AXX30B0L 

MIXTURE 

CHANGE 

CAL. PER ORAM 


T = 25^C. 


10 38 

86 067 

0 450 

-3 626 

-2 343 

19.62 

84.592 

0 480 

-3 882 

-2.639 

29.80 

85.299 

0.504 

-3 833 

-2 692 

38.82 

81.922 

0 521 

-3 412 

-2 482 

48.28 

80.930 

0 538 

-2 909 

-2 174 

57.64 

81.214 

0 554 

-2.404 

-1 832 

68.07 

80.395 

0.573 

-1.852 

-1.450 

78 56 

78.999 

0.690 

-1 303 

-1 047 

88.68 

79.046 

0.602 

-0.712 

-0.581 

T * 35^0. 

10.10 

85.223 

0.455 

-3 721 

-2.462 

18.86 

84.023 

0.483 

-3 983 

-2.758 

37.74 

82 032 

0 523 

-3.702 

-2.731 

67.74 

81.150 

1 0.559 

-2 504 

-1.943 

78.61 

79 337 

0 595 

-1.285 

-1.050 


calculated from a linear relationship; and the fourth, the deviation of the 
specific heat from the linear relationship expressed in per cent of the calcu- 
lated specific heat (the + preceding the values indicates a positive devia- 
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tion). The fifth, sixth, and seventh columns give the same values for 35®C. 
In the eighth and ninth columns are listed the molal specific heats of the 
solutions at 25°C. and 35°C., calculated by dividing the observed specific 
heat at each concentration by the sum of the number of moles of each 
constituent, assuming 1 g. of solution in all cases. In the last four columns 
are shown the partial molal specific heats, Cpj of alcohol and toluene at 
25®C. and 35®C., obtained by a graphkal method described by Lewis and 
Randall (8). 

In figure 2 the deviations of specific heats from ideality are plotted 
against the weight per cent of alcohol in the solutions at 25®C. and 35°C., 
the upper curve being for 35°C. 



0 10 20 30 40 50 60 70 80 90 100 

WEIGHT PER CENT OT ALCOHOL 

Fig. 3 

Heats of mixing expressed in calories per gram of solution are tabulated 
in table 3, and are plotted against weight per cent of alcohol in figure 3. 
The upper curve represents the values at 35°C. The specific heats of the 
solutions used in the calculations were obtained from the graphs of the 
specific heats versus composition at the two temperatures. 

In table 4 are found the observed densities and the volume contractions 
which attend mixing of the liquids at 25°C. and 35®C., together with the 
refractive indices and per cent deviations of refractive indices from a linear 
relationship for both temperatures. Volume changes are expressed in 
per cent of the volumes which the solutions would have had, had there 
been no change on mixing. Volume changes are plotted against concen- 
tration of alcohol in the solutions at both temperatures in figure 4. In 
these curves the greater deviations are observed at 25°C. 
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TABLE 4 


Changes in volume and refractive indices 


WBIQHT PBB 
CENT ALrOHOL 

OBSERVED 

DENSITY 

VOLUME 
CHANGE IN 
PER CENT 

WEIGHT PER 
CENT >LCOHOL 

OBSERVED 

REFRACTIVE 

INDEX 

CHANGE IN 
REFRACTIVE 
INDEX 

IN PER CENT 

T - 25°C. 

T * 25‘^C\ 

00 00 

0 86229 

000 

00 00 

1 49365 

000 

9.17 

0 85528 

-0 060 

9 68 

1 47622 

-0 085 

18.67 

0 84799 

-0 105 

18 46 

1 45903 

-0 259 

28.09 

0.84081 

-0 139 

29 20 

1 44120 

-0 254 

37 94 

0 83330 

-0 159 

38 87 

1 42523 

-0 244 

48 41 

0 82519 

-0 148 

48 41 

1 40873 

-0.286 

59.73 

0.81666 

-0 139 

59 73 

1.39045 

-0 245 

68.92 

0.80977 

-0 126 

68 92 

1 37544 

-0 221 

80 00 

0.80156 

-0 100 

80 00 

1 35756 

-0 180 

89.42 

0.79463 

-0 069 

89 42 

1 34289 

-0 103 

100 0 

0.78672 

000 

100 0 

1 32659 

000 

T » 35°C. 

T » 35"C. 

00.00 

0 85294 

000 

00 00 

1 48839 

000 

9.17 

0 84571 

-0 036 

9 17 

1 47110 

i -0 151 

18 67 

0 83833 

-0 072 

18 67 

1 45416 

-0 242 

28 09 

0.83116 

-0.106 

28 09 

1 43824 

-0 280 

37.94 

0.82354 

-0.112 

37 94 

1 42222 

-0.273 

47.66 

0.81617 

-0 122 

47 66 

1 .40527 

-0 333 

57.54 

0 80862 

-0.105 

57.54 

1 38952 

-0 308 

67 97 

0 80087 

-0 097 

67 97 

1 .37249 

-0 310 

78 47 

0 79313 

-0 081 

78 47 

1 35533 

-0 300 

89 25 

0 78518 

-0.042 

89.25 

1 33907 

-0.192 

100 0 

0.77738 

000 

100.0 

1 3240 

000 


DISCUSSION 

If the heat added to solutions of methyl alcohol and toluene were utilized 
only for raising the temperature of the solutions, specific heat would be a 
straight-line function of composition, with the line terminating in the 
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specific heats of the pure components. The specific heats of the solutions, 
however, are greater than those calculated from additivity for all concen- 
trations, as is shown by figure 1. Figure 2 emphasizes the extent of the 
deviations and shows the concentrations at which the deviations are most 
pronounced. Toluene is regarded as a normal liquid and methyl alcohol as 
strongly associated. The heating of solutions of the two liquids during 
specific heat determinations probably causes partial dissociation of the 
methyl alcohol, and this most markedly in the solutions of low alcoholic 
content. It appears that the presence of toluene enhances this dissociation 
by a dilution effect. The large heat capacities of the solutions of low alco- 
hol concentrations are due, in a measure at least, to the absorption of heat 
involved in the process of dissociation of the alcohol aggregates. The 
plotted data indicate that the changes of specific heat from ideality are 
greater at 35°C. than at 25®C., which would suggest that a greater disso- 
ciation occurs at the higher temperature. 

The partial molal heat capacities, Cp» (values listed in table 2), are greater 
for all values calculated than the molal heat capacities of the pure liquids. 
Williams and Daniels (18) attribute such behavior to the formation of a 
compound of the components, or to the fact that heat capacity is increased 
by an increase in the number of molecules even though the total weight 
remains unchanged. It would seem that the latter effect is predominant 
in the system under consideration in view of the large negative heats of 
mixing, which furnish evidence that compound formation is unlikely. The 
difference between the partial molal heat capacity in solution and the molal 
heat capacity of the pure alcohol is greatest in the mixtures of low alcohol 
content, which would indicate a greater number of molecules and hence 
greater positive deviations from ideality for the heat capacities of the 
mixtures in that region of concentration. 

The view that dissociation of the alcohol is aided by the dilution with 
toluene is supported by a consideration of the heat changes which attend 
solution of the liquids. At all concentrations, and at both 25®C. and 35®(1, 
heat is absorbed on mixing, and the greatest absorptions arc in the solu- 
tions of high concentrations of toluene, and these are greatest at 35°C. 
Evidence, in the case both of heat capacity deviations and of heats of 
mixing, indicates that more dissociation occurs at the higher temperature 
and at the lower concentrations of alcohol. It would be expected, how- 
ever, that measurements at successively higher temperatures would 
ultimately show smaller and smaller deviations and smaller heat changes 
as the alcohol became more and more dissociated. 

Large negative heats of mixing indicate the absence of compound forma- 
tion or solvation in that these processes are usually associated with an 
evolution of heat. However, it is possible that such processes occur to a 
small extent, or with small evolution of heat, or conceivably, with a nega- 



490 


L. B. miBOK AND E. ROGER WABHBDRN 


tive heat of formation. Under these conditions their thermal effects would 
be obscured by the heat absorption of dissociation. 

It would be expected that an increase in the number of molecules in a 
solution, by virtue of dissociation, would be accompanied by an increase in 
volume, but in the case of the present system apparent dissociation of the 
alcohol is accompanied by a contraction in volume, and the largest con- 
tractions are found in approximately the same concentration areas as are 
the greatest deviations of specific heats and the greatest absorptions of 
heat on mixing. The evidence adduced from the thermal quantities 
indicates that dissociation is increased at the higher temperature, but 
volume contractions are found to be decreased. If a combination of 
alcohol and toluene molecules occurs in the manner suggested in connection 
with heats of mixing, the volume contractions might be reconciled. Such a 
combination, however, would be assumed to be quite unstable, and un- 
doubtedly would be broken up when the temperature of the solutions was 
raised during determinations of heat capacities. 

Wadibum and Lightbody ( 15 ) observed that mixtures of ethyl alcohol 
with both benzene and toluene display both contractions and expansions 
of volume on mixing, and that methyl alcohol and benzene show both 
expansion and contraction. They postulated that a change from volume 
expansion to volume contraction is due to a shifting of the equilibrium 
among simple, complex, and compound molecules with changing concen- 
tration ( 9 ), but why methyl alcohol and toluene should be unique among 
these four systems in showing a contraction throughout the concentration 
range it is difficult to say, especially in view of the fact that the similarity 
of the liquids would lead to the expectation that the mixtures would 
behave similarly. Measurements of volume changes at other tempera- 
tures should be of help in answering this problem. 

Refractive indices vary slightly from a straight-line function of composi- 
tion, and the refractive indices of the mixtures are lower than the values 
obtained from calculations on the basis of an ideal solution. A decrease of 
refractive index is contrary to what would be expected if the only molecular 
change occurring in the solutions is one of dissociation of the alcohol. The 
supposed increased number of molecules together with a contraction in 
volume should produce an increase in the refractive indices. Here, as in 
the case of volume changes, a union of alcohol and toluene molecules may 
be the governing factor in causing the decrease in refractive indices. It 
would seem, however, that influences other than relative numbers of mole- 
cules are in effect, because the maximum deviations of refractive indices 
00010* in solutions of greater alcohol content than do the greatest contrac- 
tions in volume. Some changes in the chemical nature of the molecules, 
not yet understood, must be responsible for the situations observed. As 
yet it is possible to make only qualitative interpretations of the type of 



BINARY SYSTEM METHYL ALCOHOL-TOLUENE 


491 


data presented here, but more complete knowledge of this and similar 
systems should furnish evidence for roughly quantitative predictions. 

SUMMARY 

A rapid and efficient technique for measuring specific heats of solutions 
of organic liquids has been developed. The apparatus used, with slight 
modification, is readily applicable to the determination of heat changes 
attending solution of the liquids in each other. 

Specific heats and heats of mixing of methyl alcohol-toluene solutions 
have been determined at 25®C. and 35®C. for the entire range of concen- 
tration. The heat capacities observed for the solutions are greater than 
those calculated from additivity for all concentrations. Mixing of the 
liquids is accompanied by an absorption of heat in all cases. Both effects 
are most pronounced in concentrations of low alcohol content. 

The changes in volume resulting from mutual solution of the liquids, and 
the refractive indices of the solution, have been measured throughout the 
concentration range at 25®C. and 35°C. Solution of the liquids is accom- 
panied by a contraction in volume; refractive indices are lower than those 
calculated on the basis of additivity. 

The thermal effects observed are accounted for by assuming that methyl 
alcohol, which in the pure state is associated, undergoes dissociation into 
simpler molecular aggregates during mixing of the liquids and during 
subsequent heating in the determinations of the heat capacities of the 
solutions. A union of the constituent molecules has been assumed to 
explain the observed changes of volume and refractive index. 
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Owing to the dearth of information as to the effect of mixtures of col- 
loidal electrolytes and uni-univalent salts upon each other, the following 
data are instructive. One of the more interesting results of the study of 
colloidal electrolytes (1, 4, 5, 7, 9) is that the ionic strength principle does 
not apply to ionic micelles unless they are treated as uni-univalent elec- 
trolytes. Although ionic micelles are highly charged colloidal particles, 
their charges are spaced so far apart that they are effectively independent. 
In this respect, they are sharjJy differentiated from ordinary poly\^alent 
ions in which the charges arc coincident. The present data illustrate this 
in graphical form, both for freezing point lowering and for conductivity. 

MODE OP CALCULATION 

For comparison w ith the observed data for mixtures, it is customary to 
make use of various simple additive rules (2, 8, 10, 11). We have used 
three. First (method 1) is the “classical” mixture rule, w here the molar 
conductivity, both observed and calculated, refers to the specific con- 
ductivity multiplied by the number of cubic centimeters containing one 
gram-equivalent of the common ion. For example, for mixtures of potas- 
sium laurate w ith potassium cliloride 

MtotalK+ = /^KCItotal ^ -^KCl/A'total + ^KL^otal ^ -^KL/-^total 

where /Zrci total conductivity of a solution of potassium chloride 

alone of the same concentration of potassium ion as the total concentra- 
tion in the mixture ; whereas Akci is the actual equivalent weight normality 
(molality or gram-(^quivalents per 1000 grams of water) of the potassium 
chloride present. The assumption is that each salt contributes tow^ard 
the total conductivity in proportion to its actual concentration and to its 
conductivity in a solution of the same total concentration as that of the 
mixture. 

The second basis of comparison (method 2) is likewise only a first 
approximation to the truth, for it assumes that each salt present is exhibiting 
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the same conductivity in the mixture which it would have if the other 
salt were absent. 


Msum = N KCI X MKCIj, + X /“Kliy 

This is compared with the observed conductivity of the mixture; that is, 
the observed specific conductivity multiplied by that volume which con- 
tains the stated number of equivalents of each of the two salts. 

It should be noted that for solutions containing much soap, the values 
of weight normality and volume normality may differ by as much as 30 
per cent, owing to the fact that soap solutions, in spite of the large weight 
of soap present, differ comparatively little in density from water. For 
this reason, application of the “classical” mixture rule to specific conduc- 
tivities (method 3), that is, to equal volumes of solutions of the same total 
weight normality in common ion, leads again to a distinctly different result 
from the first method of comparison. All three provide some basis for 
examining the mutual effect of the constituents of the mixture. Data 
for pure substances were taken from International Critical Tables, pub- 
lished papers, or measured ad hoc. 

Freezing points of mixtures were compared by two methods of calcula- 
tion. The first (method 4) corresponds to the second of those above men- 
tioned, that is, simple addition of the freezing points exhibited by each salt 
at a weight normality equal to that which it possessed in the mixture. 


^miztura = 


Lastly (method 5), they were compared through the osmotic coefficient of 
the mixture 


gm- gimX mi/m + gt„X mi/m 

where gi„ is the osmotic coefficient of one constituent at the total molality 
of the mixture. Bjerrum’s osmotic coefficient g = 1 —j = $/v\m, where v\ 
is the molal lowering at infinite dilution, obtained by diluting the mixture 
without changing the ratio between the two constituents. Thus 

V = (vimi -1- Vtm^/irni tmj) 

where rn = mi -I- m* and X = 1.858®. 

All conductivity data refer to 25.00® ± 0.01®C., measured with the usual 
precautions in water of conductivity 0.5 to 1.0 X 10“* in an oil thermostat. 
Freezing point measurements were by the Beckmann method with under- 
cooling 0.3® to 0.5®. The best available materials were employed and all 
instruments were standardized. 

The partial specific volumes of soaps above the concentration exhibiting 
m i nimum conductivity lie between 0.973 and 0.982 for lauryl- and msuistyl- 
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sulfonic acids, and 0.945 to 0.935 for the n-undecylsulfonic acid; that for 
potassium laurate as found by Bury and Parry (3) lies between 0.912 and 
0.917, but whereas the latter fell sharply in lower concentrations, the 
partial specific volumes of the straight chain sulfonic acids are slightly 
greater in more dilute solution. 

CONDUCTIVITY RESULTS 

Figure 1 exhibits the first two methods of comparison of mixtures of 
0.955 Nu> potassium laurate with potassium chloride up to 1.235 Nw» It 
is observed that the conductivity of the mixture by both methods of com- 



Fio. 1. Molar conductivity of 0.955 Nu,{m) potassium laurate containing potassium 
chloride. ■, observed, referred to 1 mole of total K; A, sum of constituents 
(method 2); □, observed, referred to total K in 1000 g. of water; #, sum of constit- 
uents (method 1). 

parison is definitely less than the calculated value. The same result fol- 
lows from comparison of specific conductivities. 

In contrast to this, figure 2, for mixtures of 0.1 Nw undecylsulfonic acid 
with hydrochloric acid up to 1 Nw, shows fairly close agreement between 
calculated and observed values, the latter being generally even higher. 
Similarly, if, according to the third method of calculation, observed con- 
ductivity is plotted against total molality (Nw) for true mixtures and sepa- 
rate constituents, the curve of observed values in every case lies slightly 
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but definitely higher even than the calculated values. This may be largely 
attributed to increased formation of ionic micelle. 

A mixture, 0.1016 N„ with respect to laurylsulfonic acid and also with 
respect to hydrochloric acid, calculated by the first method, gave an equiv- 
alent conductivity with respect to total acid of 53.67 mhos as compared 
with the calculated value 54.6. 

From the foregoing it may be concluded that the conductivity of the 
mixtures of soaps with electrolytes does not depart very much from simple 
additive rules. 



■ HCI 


Fio. 2. Molar conductivity of 0.1 Nw undecylsulfonic acid containing hydro- 
chloric acid. A, observed, referred to 1 mole of total H; O, sum of constituents 
(method 2); X , observed, referred to total acid in 1000 g. of water; □, sum of con- 
stituents (method 1). 


FBEEZINO POINT BESULTS 

Figure 3 exhibits the data for mixtures of 0.1 N„ undecylsulfonic acid 
with addition of hydrochloric acid up to 1 Nu. It will be seen that well 
within the error of experiment the total lowering is the sum of the con- 
stituents. 

Figure 4 shows that the osmotic coefficient of the mixture is definitely 
even greater than that calculated from the constituents, for a mixture — 
0.1016 Nu laurylsulfonic acid containing 0.1016 Nw hydrochloric acid — 
exhibited a freezing point lowering of 0.440®, as compared with 0.420® 
for the sum of the constituents and an osmotic coefficient of 0.583 as com- 



5.00 


4.50 



Fig. 3. Freezing point lowering (d) of 0.1 Nu> undecylsulfonic acid containing 
hydrochloric acid. □, observed values; A, calculated values (method 4); X, Inter- 
national Critical Tables values for hydrochloric acid alone; O, Miss Betz' values 
for C 11 H 23 SO 3 H alone. 



Fig. 4 Osmotic coefficients (g) of 0.1 Nu, undecylsulfonic acid containing hydro- 
chloric acid. A, observed values; □, calculated values (method 5); O, Inter- 
national Critical Tables values for hydrochloric acid alone; #, Miss Betz' values 
for CiiHasSOsH alone. 
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pared with predicted 0.551. Thus again the observed values are higher 
than those calculated from the constituents. This result applies equally 
to ordinary soaps. Quick (6), for example, found the following dew point 
lowerings at 18®C. : 1 Nu potassium laurate, 0.22°; 1 Nw potassium chloride, 
0.50°; mixture 1 Na with respect to each, 0.77°, as compared with the sum 
of the constituents, only 0.72°. In these strong soap solutions, the in- 
creased lowering is presumably due to hydration of the soap. 

It is evident that presence of ionic micelle does not exert any great 
effect toward suppression of conductivity or freezing point lowering as had 
been assumed by a number of writers.* 

Sodium salts of dibasic organic acids carry upon the anion charges which 
are far apart. The following mixtures were stuped, concentration being ex- 
pressed in molality, w; the values of freezing point lowering in brackets are 
for the respective constituents, and the siun of these: — 0.1 sodium chloride, 
0.1 sodium oxalate (0.348°, 0.445°, 0.793°), 0.787°; 0.2 sodium chloride, 

0.1 sodium oxalate (0.685°, 0.445°, 1.130°), 1.130°; 0.1 sodium chloride, 

0.1 sodium succinate (0.348°, 0.532°, 0.880°), 0.885°; 0.2 sodium chloride, 
0.1 sodium succinate (0.685°, 0.532°, 1.217°), 1.233°; 0.5 sodium chloride, 
0.486 sodium succinate (1.675°, 2.545°, 4.220°), 4.305°; 0.1 sodium chloride, 
0.1 sodium tartrate (0.^8°, 0.476°, 0.824°), 0.803°; 0.2 sodium chloride, 

0.1 sodium tartrate (0.685°, 0.476°, 1.161°), 1.141°; 0.5 sodium chloride, 

0.5 sodium tartrate (1.675°, 2.002°, 3.677°), 3.626°; 0.230 sodium chloride, 
0.115 sodium phthalate (0.775°, 0.731°, 1.506°), 1 .475°; 0.5 sodium chloride, 
0.247 sodium phthalate (1.675°, 1.561°, 3.236°), 3.510°; 0.270 sodium chlo- 
ride, 0.137 sodium isophthalate (0.925°, 1.400°, 2.325°), 2.450°; 0.5 sodium 
chloride, 0.266 sodium isophthalate (1.675°, 2.814°, 4.489°), 4.464°; 0.230 
sodium chloride, 0.113 sodium terephthalate (0.775°, 0.780°, 1.555°), 
1.633°; 0.450 sodium chloride, 0.2315 sodium terephthalate (1.510°, 1.980°, 
3.490°), 3.475°. 

In every case it is seen that the observed lowering is, within experimental 
error, equal to that of the sum of the lowerings caused by the two constit- 
tuents independently. For the tartrates, succinates, and o-phthalates, 
osmotic coeflScients could be calculated and were likewise within a few 
per cent of those observed. 


ST7MMARY 

Mixtures of ordinary electrolytes with ordinary alkali soaps or with 
hydrogen soaps, like mixtures of sodium chloride with sodium salts of 
organic acids, exhibit conductivities and freezing point lowerings in sub- 

* 6. W. Fuller in this laboratory has found that the electrometric titration curves 
of these hydrogen soaps show the normal form and position for a moderately strong 
univalent acid. A similar observation on gum arabic was made by Thomas and 
Murray (J. Phys. Chem. 82, 696 (1928)). 
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stantial agreement with the simple additive mixture rules. In all these 
cases, the charges on the polyvalent ion or micelle are spaced so far apart 
as to be effectively independent. Hence the ionic strength of colloidal 
electrolytes resembles that for a uni-univalent electrolyte. 
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INTRODUCTION 

Many colloidal systems, particularly the aluminosilicates, the proteins, 
soaps, hydrous oxides, and numerous metallic colloids, exhibit the phe- 
nomenon of exchange adsorption or ionic exchange. Negatively charged 
colloidal particles are known to possess cation exchange (base exchange), 
whereas positive particles have anion exchange. Amphoteric colloids may 
comprise both types of reactions. 

The present status of exchange adsorption is one of confusion. A great 
mass of experimental data is at hand, and over a dozen equations have 
been proposed. These are either wholly empirical or represent in the main 
questionable applications of the law of mass action. The constants of the 
equations have but little physical significance. No attempts have been 
made to advance a theory which links the exchange isotherms with other 
fundamental properties of colloidal systems such as electric potential and 
stability. 

The purpose of the present study is to deduce on theoretical grounds an 
exchange adsorption isotherm. A very simple ionic exchange model will 
be depicted, and on the basis of kinetic concepts an equation will be formu- 
lated with the aid of statistical methods. Special emphasis will be laid 
on a rational interpretation of the constants. No claim is made that the 
model proposed and the equation deduced are valid for all ionic exchange 
systems known, but it is hoped that they will furnish a platform from 
which the great mass of empirical data may be viewed more intelligently 
than has been hitherto possible. 

QUALITATIVE ASPECTS 

Let us consider the special case of a large muscovite crystal. Upon 
being ground to colloidal dimensions the crystal breaks up, preferably 
along the basal cleavage planes. According to Pauling (4) these surfaces 
consist of layers of negative oxygen ions which form a rigid framework. 

^ Contribution No. 443, Journal Series of the Missouri Experiment Station. 
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Between the planes are located the potassium ions which, as a result of 
grinding, become exposed and appear in exchangeable form (figure 1). 
They behave as adsorbed ions, although previous to the mechanical treat- 
ment they were an integral part of the crystal. If the colloidal plates 
thus obtained ore put into a solution of sodium chloride, ionic exchange 
takes place and a part of the potassium ions on the crystals is replaced 
by sodium ions. How shall such a surface reaction be pictured? It is 
important to remember that the potassium ions on the exposed oxygen 
layers are not at rest. Owing to heat motion and on account of the random 





Fio. 1. Structure of muscovite according to Pauling (4). The large black circles 
are K ions; the large white circles are O and OH ions; the shaded small circles are A1 
ions in octahedra portions; and the small white circles are A1 or Si ions within 
tetrahedra. 

bombardment by water molecules, the potassium ions oscillate irregularly. 
At times they may be at a considerable distance (several Angstrom units) 
from the wall, but are pulled back by the electrically charged oxygen ions. 
In the solution, the sodium ions wander at random as a necessary conse- 
qu^ce of Brownian movement. Now, if it so happens that by chance a 
migrating sodium ion slips between the wall and an oscillating potassium 
ion which has momentarily moved away from the surface, an exchange 
reaction will occur. The positive sodium ion is electrically attracted by 
the negative wall, and the potassium ion is left in the solution or even 
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pushed into it by the electrical repulsion forces of the sodium ion. The 
chloride anion in the liquid does not participate in the reaction. 

It should be emphasized that the mechanism proposed does not include 
the adsorption of cations or anions without an equivalent release of corre- 
sponding surface ions. Of course, weak electrolytes may be adsorbed as a 
molecular entity, but this case falls into the category of Langmuir^s adsorp- 
tion of molecules. In particular, the adsorption of OH ions, which is fre- 
quently reported in the literature, can be explained as mere anion exchange 
or a cation exchange involving hydrogen ions or polyvalent cations, accord- 
ing to the schemes: 


Colloid 

+ nNaOH 

H 

Colloid 




Colloid 

Ca + wNaOH 

Colloid 


Na 

Na 

Na 

Na 


-h(n~2)Na0H-h2H20 


+ (n~2)NaOH + Ca(OH )2 

1/ 


In both cases OH ions may disappear from the solution, but not by means 
of straight adsorption. The subsequent increase in dispersion of the par- 
ticles follows from the fact that Na-colloids have higher potentials than 
either H- or Ca-colloids (2), 

For systems which do not contain bases (K, Ca, etc.) in the crystal 
lattice, for instance kaolinite, pyrophyllite, and many organic compounds, 
we believe that the OH ion of the crystal is the seat of exchange, or, more 
specifically, the H ion of the exposed OH ion will be replaced upon addition 
of an electrolyte. 


QUANTITATIVE FORMULATION OP EXCHANGE ADSORPTION 

We shall abandon the specific case of muscovite and work with the 
general case of a (planar) surface which contains a definite number of 
attraction spots per unit area. The ions, atoms, or molecules — or more 
generally the “particles” — ^which are initially adsorbed are called “black” 
or h. Those which are added to the system to function as exchanging 
particles are called “white” or w. Additional black particles which wander 
about like the white ones may also be introduced (corresponding to the 
special case of K-mica + NaCl + KCl). To simplify the mathematical 
treatment all particles are considered to possess the same mass and, if ions, 
the same electric charge but not necessarily the same size. The particles 
do not influence each other, and the principle of equipartition of energy is 
supposed to hold. 


Terminology 

Every adsorbed black particle oscillates within a given space called the 
oscillation cell, the average volume of which is Vh- The oscillation cell 




604 


HANS JXSNNT 


is a very small fraction of the total volume (F) of the system. There are 
Zi attraction spots and consequently adsorbed black particles on the 
entire surface. It shall be postulated that exchange occiurs whenever a 
white particle enters an oscillation cell in such a way that it slips between 
the wall and the vibrating black particle or, more generally speaking, that 
it comes closer to the attraction spot. The number of white particles 
in F is and the corresponding number of wandering black particles 
is Nh. The total number of 6 in F is therefore Nt + zt. The average 
number of migrating w and b particles in one exchange cell (not counting 
the adsorbed ions) is 




which is the sum of: 


average number of tc in is ^ = /««, 

average number of 6 in »» is ^ JVt = m* 

The justification for using a simple statistical distribution instead of the 
Maxwell-Boltzmann principle lies in the nature of the exchange model 
suggested. Unlike the free surfaces operated with by Langmuir, Hiickel, 
and others, the electric fields of the surface are “neutralized” by the ad- 
sorbed ions. Using the classical valence picture of the chemist, we assume 
that the attraction forces are localized in a straight line extending from the 
attraction spot on the wall to the center of the adsorbed ion. In other 
words, as long as the migrating ion does not come between the wall and 
the exchange ion — ^though it may be inside of the oscillation space — it is 
not under the influence of forces which differ from those in the bulk of the 
liquid. Furthermore, the adsorbed ions never evaporate, even in absence 
of migrating particles, otherwise the axiom of electroneutrality would be 
violated. 


Distribulion considerations 

At any given instant some oscillation cells have no migration particles 
at all, some have one, others two, or three, or more. Again, those cells 
having one particle may have either a white one or a black one. The 
latter case would contribute nothing to the exchange process, since the 
replacement of a black particle by another black particle could not be 
detected experimentally. Cells with several particles may have all white, 
or ail black, or mixtures of the two colors. The probabilities of these 
possible cases must be ascertained. 
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Let us designate the probability that a specific cell has none of the 
white particles by TFo, that it has one white particle by Wu and in general, 
n particles of type w by TFn. Similarly for the migrating black particles 
we have Bo, Bi, Bn. 

Tf oBo is the probability that a given cell contains no migrating particles 
at all; W^iBo is the probability that it has a white particle, and W{sBi is 
the value for a wandering black particle. If two particles enter a specific 
cell the following cases exist: 

Pasmbilities Probabilitiea 

W W WtBo 


W b 

b b 


TTiBi 

W0B2 


For n particles we obtain the series: 

FnBo + TFn-lBi + Wn-2 B 2 + W,Bn = 1 

According to definition only such cells will produce exchange as happen to 
have a white particle on the left of the oscillating b (figure 2) ; in other 


adsorbed ion 'l> 


uanderin^ ion *u‘ 



oscillation ipact total volume. V 

Fig. 2. Schematic representation of the surface of a plate of colloidal dimensions 
showing adsorbed ions (black) and their oscillation spaces 

words, only a fraction of the cells with wandering will actually sho\v 

exchange. Designating the fractions by , one obtains for 

the probability of exchange for n particles in a cell : 


Pn = aJVnBo + finWn-lBi + 


^nWoBn 


The index n takes the successive values 0, 1, 2, 3, The total 

exchange probability, P, is the sum of these individual probabilities. For 
the sake of illustration the initial members of the final series shall be given: 


P = DPn - (aoFoBo) + (aiFiBo + ftFoBi) + 

{atW%B^ + ftlFiBi + 72IF0B2) + 


(1) 
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Application of the Poisson series 

The actual values of Wn and B« in tenns of V, JV«, and Nb are foxmd 
with the aid of Smoluchowski’s equations (5), also Imown as Poisson series: 

= and (2,3) 

These equations yield the probability that n white or n black wandering 
particles are in a selected oscillation cell 
Inserting equations 2 and 3 into formula 1 furnishes: 

L + ^ 

/ \* / \ T 

+ + PbNJfb + yNlj + . . . J 

In order to simplify the above expression, we shall conduct the experi- 
ments in such a way that V is very great in comparison to Vb, that is, use 

/ 06 

dilute sols only. The magnitudes of I -y j for n > 1 become very small 

in comparison to and the members with the higher terms of n in 

can be neglected. Since ao and 0i are zero by definition, expression 4 
reduces to: 



Vb XT -^‘(Wu.+Arri 

ai^iVwe (5) 

which is the probability of exchange for one cell under the experimental 
restrictions specified. For 26 cells the most probable number that will 
contribute to exchange is 26 times the above value. 

The amount of exchange in the time At Ls a function of the velocity u 
of the particles. The rate of adsorption of white particles is evidently 

— = 26ai^iV«^ f(u) (6) 

which is also the rate of release of adsorbed black particles. 

Equilibrium aspects 

Equation 6 describes but one phase of the exchange phenomenon, 
namely, the release of black particles by white ones. The latter, which 
become adsorbed, may in turn be replaced by wandering black particles. 
The derivation of the equation of this reversed process is similar to the 
one just given, except that some of the symbols are to be changed: Vb 



KINETIC THEORY OF IONIC EXCHANGE. I 


507 


becomes Vw, the oscillation space of the adsorbed white particle, and Zb 
is changed to which represents the number of white particles adsorbed. 
The final equation corresponding to formula 6 is of the form 

^ = Zu,ai yNtey f{u) (7) 

Ab/At represents the rate of adsorption of black particles, which is also the 
rate of release of white particles. Equilibrium exists when 

Aw _ Ab 
'll At 


or 

Zw Nb Vb 

Equation 8 is of a more general type than is required for the common base- 
exchange experiments. As a rule no wandering b particles are added to 
the migrating white particles. Furthermore, we shall expre.ss the equi- 
librium conditions in terms of white particles adsorbed (Wa) as a function 
of the white particles added (Nw^)- The following substitutions result: 

N^, becomes — Wa 
Zb becomes Zb^ — Wa 
Zy, and Nb become Wa 


Introducing these magnitudes into equation 8 leads to 


(Zb - Wa)(Ntp, - Wa) Vu, 
Vo 


(9) 


Inasmuch as Vb and and particularly Vh — Vu , are very small in com- 
parison to y , the exponential term closely approaches 1 ; hence. 


Wl ~ ^ 

For ordinary cation-exchange experiments we may write 
w^ + N) + sN = 0 


w = 




+ (s + iV)± V (s + JV)* - isN\ 


(‘ - ’i) 


/ 


\ 


( 10 ) 


( 11 ) 


( 11 ) 
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where N *» amount of electrol 3 rte added initially (number of ions), 
w = number of cations adsorbed or released at equilibrium, 
8 = saturation capacity, and 
Vw, Vi = oscillation spaces of the adsorbed ions. 

The equation has been deduced for a platy colloidal particle, but it applies 
to spheres as well; nor is it restricted to colloidal dimensions or to crys- 
tallites. 

The most general equation embracing the case in which both white and 
black particles are added has the form: 


w 


[. + y. + Ar,(l - + iV. + y.(l - |)J - 4^.(l - ^•) 




(11a) 


The symbols have the following meaning: 

Nva = number of white particles added initially (electrolyte ion le;), 
Nh ^ number of black particles added initially (electrolyte ion 6), and 
w = number of white particles (electrolyte ion w) adsorbed or black 
particles (electrolyte ion 6) released at equilibrium. 

Equation 11a becomes of importance in studies on competition adsorp- 
tion or competition exchange. Two kinds of particles, w and 6, compete 
for a place on the surface. If Nh is zero, equation 11a goes over into equa- 
tion 11. Figure 3 shows what types of curves can be expected in competi- 
tion exchange. The uppermost curve depicts the conditions for Nh = 0, 
that is, no wandering black particles are added. If one introduces black 
particles equal to twice or ten times the saturation capacity (AT^ = 25, 
lOS), the adsorption of white particles becomes greatly repressed. This 
is most pronounced in low concentrations of the electrolyte ion w. The 
slope becomes less marked and the curves tend to approach straight lines. 
On the other hand, if equal numbers of white and black particles {N^ = Nh) 
are added, the slope of the curve becomes accentuated at low concentra- 
tions, whereas at higher concentrations the curve tends to run parallel 
to the abscissa, but never reaching the 50 per cent mark. 

It is not likely that the natural colloidal systems are of such simple 
type that they correspond directly to the conditions which were speci- 
fied for the ionic exchange model. A certain selection of the experimental 
results becomes necessary. Data obtained for very high electrolyte con- 
centrations will have to be omitted in order to conform to the restrictions 
mentioned in the derivation of the equation. On the other hand, systems 
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of high dilution are apt to show disturbances due to hydrolysis effects, 
i.e., ionic exchange with hydrogen ions of water. Intermediate ranges of 
electrolyte concentrations appear to be most suitable to test the validity 
of the equation. 



Fig, 3. Theoretical curves showing competition adsorption for a system of the 
type 

K-colloid + NH4CI -f KCl 
{S) {N^) (N,) 

The number of cations added is expressed in terms of saturation capacities (S). 
The intensity of exchange adsorption is given as per cent exchange in terms of 
saturation capacities. Activities are neglected. 

Results with colloidal Putnam clay particles^ {a7ialyses by J. E, Gieseking) 

The most careful and extensive work on ionic exchange has been carried 
out with aluminosilicates, and among these the permutites, zeolites, and 
natural soil colloids have been most extensively investigated. Cation- 
exchange experiments with purified Putnam clay were conducted according 
to methods previously described (1). In all experiments 7.5 g. of colloidal 
clay carrying 4.50 milliequivalents (M.E.) of adsorbed ions was treated 


* The author is indebted to the National Research Council for a Grant-in-Aid. 
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with various amounts of chlorides, and the number of ions released was 
determined in the supernatant liquid. In every case the total volume of 
the Intern was 600 cc., and the temperature was kept constant at 28® 
±0.5®C. The exchange values expressed in terms of saturation capacities 
(4.60 M.E. = 100 per cent) are given in table 1 and also in figures 4, 5, 
and 6. The lines drawn were calculated with the aid of equation 11. 

Upon inspection of the curves it must be concluded that the equation 
developed is able to describe very satisfactorily the position and trend of 

TABLE 1 

Ionic exchange experiments with Putnam clay 


Analyses by J. E. Gieseking 


8 YBTB 11 

IONIC BXCHANGB PBBCBNTAGBB 

FOR THB FOLLOWING INITIAL 
BLBCTROLYTB CONCBNTRATIONS 

IS- 450M.E 

AVERAGE 
VALUE FOR 

n 

0.6 S 

1.0 s 

2.0 5 

4.0 5 

NH 4 -clay + LiCl 

20.6* 

29.9 

44.4 

54.7 

5.16 

NH 4 -clay + NaCl 

20.6 

32.0 

45.1 

54.9 

4.56 

NHi-clay + KCl 

32 8 

51.3 

66 8 

75.2 

1.10 

NH 4 -clay + RbCl 

41.1 

62.6 

80.2 

90 0 

0.354 

NH 4 -clay + CsCI 

51 3 

68 8 

85 3 

90.0 

0.268 

NH 4 -clay + HCl 

50.4 

84.9 

90 9 

90 9 

(0 03) 

Ca-clay -I- MgCL . 

32.1 

47 5 

63.3 

76.7 

1.23 

Ca-clay + BaCL 

35.1 

52.9 

67.0 

80.8 

0.855 

Mg-clay + BaCL 

28.7 

50 3 

71 0 

83 6 

0.800 

H-clay + LiCl 

4 5 

6 6 

9 0 

13 0 

207 

H-clay + NaCl 

3.5 

6.2 

9.8 

13.5 

197 

H-clay -h KCl 

8.6 

14 5 

22 0 

34.2 

(31.4) 

H-clay + RbCl 

19.0 

1 28.2 

j 41 2 

62.2 

5.53 

H-clay + CeCl 

25.2 

39.7 

60 2 

1 82 9 



* The first result indicates the following: There are 4.50 M.E. (1 S) adsorbed 
NH 4 (7.5 g. NH 4 -clay) in 500 cc. volume and 1/2 S or 2.25 M.E. LiCl have been 
added. At equilibrium 0.927 M.E. NH 4 or 20.6 per cent have been released from 
the surface. The figure under S^* means that 4 X 4.50 » 18.00 M.E. LiCl have 
been added and 2.462 M.E. NH 4 or 54.7 per cent have been exchanged. 

the curves over a considerable range of electrolyte concentration. In some 
instances the fitting is almost perfect; in others, systematic deviations 
seem to occur. They are especially noticeable in exchange reactions which 
involve hydrogen ions. 

Influence of the structure of the colloids and the properties of the ions 

Numerous exchange data published by various investigators have been 
tested as to the applicability of the equation, and the results lead to the 
following conclusions. 




Fiq. 4. Exchange isotherms for colloidal Putnam clay. Monovalent cations. 
Data are from table 1 



Fig. 5. Exchange isotherm for colloidal Putnam clay. Divalent ions. 
Data are from table 1 
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First, the structure of the colloidal particles appears to be an important 
factor. The equation yields good values for soil colloids and for bentonitic 
clays (data of Vanselow (6)), all of which have platy structures and seem 
to exchange on the outer surfaces only. Equation 11 is less satisfactory 
for permutites and certain zeolites. These systems are characterized by 
an abundance of ultramicroscopic pores and channels in which the ex- 
changeable ions are seated. The ions are so close together that they inter- 
fere with each other, and by virtue of this fact the porous bodies fall out- 
side of the realm of the equation. 



Electrolyte adJed 

Fia. 6. Exchange isotherms for H-Putnam clay (table 1) and Na-clays and Na- 
bentonite. The two latter series are taken from Marshall (3) 

Secondly, the nature of the exchanging ions has to be taken into con- 
sideration. If the ions differ greatly in their properties discrepancies occur. 
This is the case, for example, with the hydrogen ion as contrasted with the 
large size monovalent rare gas type ions (potassium, cesium), or barium 
versus magnesium. These can be explained as follows. The derivation 
of equation 11 rests on the assumption that the magnitude of the oscilla- 
tion space is independent of the concentration of the wandering ions. 
However, according to Debye, the thickness of the ionic atmosphere of 
the electric double layer — ^which is related to the oscillation distance of 
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the adsorbed ions — varies as the square root of the electrolyte concentra- 
tion. If the exchanging ions have similar properties, for example, size, 
then the ratio Vu,/vb is not affected by the number of migrating particles; 
however, in any other case the rates of change of Vu, and Vb with salt con- 
centration may differ materially from each other and the quotient Vu,/vh 
may vary with the electrolyte concentration ; in other words, the constant 
ceases to be a constant. Refinements in the present mode of approach 
may ultimately overcome these difficulties. 

Consequences of the base-exchange equation 

Several investigators claim that ionic exchange involving ions of equal 
valency is not affected by dilution except for minor effects due to hydroly- 
ses and changes in activities. Equation 11 agrees with this contention, 
inasmuch as it does not contain the magnitude F, that is, the total volume 
of the system. 

Of particular interest is the behavior of the lyotropic series. According 
to figure 4 the adsorption series is of the form: 

LiCl g NaCl < KCl < RbCl < CsCl < HCl (exchange with NH^clay) 

and, as previously shown (1), the release series follows the reverse order: 
namely, 

Li-clay ^ Na-clay > NH 4 -clay > Rb-clay > Cs-clay > H-clay (exchange 

with KCl) 

Equation 11 predicts the latter series from the former as demonstrated in 
the following example. The system NH 4 -clay -f LiCl yields the con- 
stant k vu/vj^Bii and consequently the ratio 



gives the desired constant for the reverse process, namely, Li-clay + NH4CI. 
This conclusion rests on the fact that the base-exchange equilibrium in 
many cases is a true one (for details compare Vanselow^s hysteresis effect). 

With the aid of equation 11 it is also possible to obtain information on 
exchange reactions which are difficult to study for analytical reasons, for 
instance the system Rb-clay -f- CsCl. If one determines fei = «;Rb / 
from the system NH 4 -clay + RbCl and similarly ^2 == vca/vmu from 
NH 4 -clay + CsCl, the value 

b = = 

ki ’ »Rb 

furnishes the constant which is required to calculate the reaction Rb- 
clay -f- CsCl. 
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The average oscillation space v must be considered as a characteristic 
property of an adsorbed ion for a given colloidal particle. The common 
saying that '^the ion b is better adsorbed than the ion simply means 
that b has a smaller oscillation volume than w, which implies that b is 
more strongly attracted by the surface. 

Certain anions form undissociated compounds with the released ions, as 
illustrated by the reaction: 

H-clay + CHsCOO- + Na+ Na-clay + CH3COOH 

In such cases the equality Nb == Wa no longer holds, and the equation given 
in the form of No. 11 cannot be applied. 

Comparison with other adsorption equations 

Equation 11 is of the same nature as the thermodynamic equation of 
Vanselow (6), except that his undetermined constant k has now a specific 
meaning, namely, the ratio of the oscillation spaces of the adsorbed ions. 
The solid solution or mixed crystal theory is unable to offer an explanation 
why the equation fails for certain systems such as permutites, zeolites, and 
H-colloids. The new equation possesses several advantages over the 
widely used Freundlich-Wiegner isotherm, because the constants have a 
distinct physical significance and the exchange is shown to reach a maxi- 
mum. Moreover the Freundlich type of formulation does not include 
cases like K-colloid + NaCl + KCl. On the other hand the parabolic 
formula is somewhat more flexible because it contains an additional 
constant. 

For ions of similar exchange intensities, such as NH4 and K, the oscilla- 
tion volumes assume equal magnitudes, = t;&, and equation 1 1 reduces to 

sN 

^ ^ s + N 

which is identical in form with the Vageler-Langmuir exchange isotherm. 

EXCHANGE ADSORPTION AND ELECTRIC POTENTIAL 

Vto and Vb designate the oscillation spaces of the adsorbed ions in the 
absence of wandering ions. The cubic root of the ratio v^/vb is equal to 
the quotient of the average oscillation distances, that is, 



The magnitudes and correspond to the thickness of the Helmholtz 
electric double layer of particles coated with or 6-type ions. On the 
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basis of the diffuse double layer concept, is a measure of the distance 
from the wall to the electrical center of gravity. 

The arrangement illustrated in figure 2 can be viewed from the stand- 
point of an electric plate condenser in which the negative plate is given 
by the rigid wall of negative oxygen ions and the positive plate by the 





Plane of' 
adsorbed 
ca/ionj 


Fia. 7. Schematic presentation of a colloidal particle acting as an electric plate 
condenser. The black inner layer represents the wall composed of oxygen or 
hydroxide ions. The white outer layer represents a geometrical surface through the 
center of the average positions of the adsorbed ions. 


average position of the cation coat (figure 7). The electric intensity 
between the plates is 47r(r/Z> and the potential difference is 


P = 


r outer layer 
Jianer layer 


47r<r 

Dd 




<r is the charge of the plates, which is equal to the saturation capacity of 
one particle, and D the dielectric constant. Thus we obtain dw for a col- 
loidal particle with only ions of the ic-type in the outer layer: 


^tv 


471 ^ 0 '' ^ ^ 


and for a 6-colloid. We arrive at the interesting equality 



which shows that the ionic exchange constant is equal to the cube of the 
ratio of the potentials. The same relationship applies to large spherical 
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particles. In tables 2 and 3 are listed the experimental ratios based on 
measurements of potentials (2) of piure Ca-, Mg-, Li-, Na-, and other 
clays, and the base exchange constants from table 1. The agreement is 
satisfactory as far as the order of magnitude is concerned, and it is note- 
worthy that the position of the ions within the lyotropic series is strictly 
consistent in both sets of data. Numerous causes for the discrepancies 
could be cited; the major one is to be sought in the type of potentials 
actually measured. These are so-called zeta potentials, based on migration 
velocities of colloidal particles in electric fields, rather than the simple 
Helmholtz potentials. Furthermore it might be possible that the values 


TABLE 2 

Correlation between ionic exchange constants and electric potentials {divalent ions) 


BTSTBlf 


Pu,'Pbi 

Ca-clay + MgCli 

1.07 

1 03 

Ca-clay + BaClj 

0.95 

0.97 

Mg-clay + BaCb 

0.93 

0.94 


* From table 1. 
t From reference 2. 


TABLE 3 

Correlation between ionic exchange constants and electric potential {monovalent ions) 
Pb for NHi-clay = 56.0 millivolts 


ION 

Li 

Na 

K 

NH4 

Rb 

Ca 

H 




1.73 

1 66 

1 03 

1 

0 71 

0 a5 

0.31 

P. 

1 05 

1.03 

1 01 

1 

0.98 

0.96 

0.86 


• From table 1 . 
t From reference 2. 


of the dielectric constants do not cancel but depend on the nature of the 
ion in the outer layer. 


CONCLUSIONS 

It appears that the ionic exchange mechanism proposed and the equation 
deduced permit a quantitative understanding of the most essenti^ facts 
of exchange adsorption and its relation to problems of colloid stability (2). 
In some instances the agreement between theory and experiment is not so 
close as one might wish. Undoubtedly in the future the interaction of 
neighboring ions on and near the surface will have to be taken into con- 
sideration. Furthermore, the interpretation of electric potential measure- 
ments of colloidal particles needs elucidation. 
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SUMMARY 

1 . A simple model of the mechanism of ionic exchange has been proposed. 

2. With the aid of the model an exchange adsorption isotherm has been 
theoretically deduced. The equation could be verified for colloidal clay 
systems over a considerable range of concentration. 

3. Certain systems are but poorly governed by the equation. This 
particular behavior is explained on the basis of structural peculiarities of 
the colloidal particles and extreme variations of the properties of the par- 
ticipating ions. 

4. The third root of the base exchange constant is shown to be equal to 
the ratio of the electric potentials of the double layers. This relationship 
directly connects ionic exchange with problems of colloid stability. 
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THE REDUCTION OF SOME ADSORBED OXIDATION-REDUC- 
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Received December 19S5 

Although many oxidation processes in biological systems apparently 
take place at surfaces or in their presence, the study of oxidation-reduction 
reactions at phase boundaries in liquids does not seem to have been 
examined in simple systems. Furthermore, the analysis of the effects of 
an adsorbed substance capable of undergoing a reversible oxidation and 
reduction on the i*-potential (electrokinetic potential) of inert and ionogenic 
surfaces may provide a new method of approach to the surface chemistry of 
oxidations and reductions. For these reasons we have investigated the 
effect of reductants on adsorbed methylene blue, litmus, and phenosafra- 
nine. It has been found that these dyestuffs can be reduced and reoxidized 
reversibly in the adsorbed state. 

METHYLENE BLUE 

Filter paper^ was dipped into methylene blue solutions (about 0.5 per 
cent or more dilute) and the excess methylene blue washed off in running 
tap w’ater, leaving the paper stained blue. If a piece of this blue paper is 
suspended in a stream of hydrogen in water or in phosphate buffer in the 
presence of platinized asbestos, reduction of the adsorbed methylene blue 
by the gaseous hydrogen does not occur to any appreciable extent.^ The 
presence simultaneously of relatively large amounts of methylene white 
in solution complicates this result, because of the equilibrium set up be- 
tween dissolved methylene white and adsorbed methylene blue. This was 
first observed by Doctor I. Korr in a preliminary experiment. Although 
hydrogen gas in the presence of large quantities of catalyst does not reduce 
adsorbed methylene blue, this can be readily brought about by addition 
of sodium hydrosulfite, cysteine, or thiourea. The thiourea, however, is 
efficacious only in acid solution. On addition of sodium hydrosulfite, 

1 Schleicher and Schiill No. 1. Also dye which has been adsorbed by blotting 
paper, adsorbent cotton, cotton toweling, porcelain, and hairs of a cleaning brush 
can be reversibly reduced. 

* This confirms a personal communication to one of us (H. A. A.) from Professor L. 
Michaelis. 
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the slightly tinted solution of methylene blue becomes colorless, the filter 
paper itself then bleaching more slowly and in a spotty fashion but finally 
becoming white. If the white filter paper is now removed from the solu- 
tion and the excess of reductant washed off, the paper remains white for 
some time unless the washing is prolonged. Most of the adsorbed methyl- 
ene blue still remains on the filter paper in the form of methylene white, 
for addition of quinone or potassium ferricyanide restores the blue color 
to almost its original intensity. The adsorbed blue dye can now be re- 
duced again and reoxidized several times. Cysteine does not reduce the 
adsorbed dye as quickly as hydrosulfite. Even with a 5 per cent solution 
of cysteine (Eastman Kodak) slight heating is needed for the reduction 
reaction to go to completion within a reasonably short time. With dilute 
solutions at room temperature the reduction may take hours. The auto- 
oxidation of adsorbed methylene white seems to take place readily in the 
air but rather slowly. As mentioned previously, traces of hydrosulfite or 
of cysteine adsorbed onto the filter paper inhibit the autooxidation of 
methylene white for a period quite sufficient to test the effects of other 
oxidants. Methylene white is known to be adsorbed by various surfaces. 
This can be demonstrated by dipping filter paper into a solution of methyl- 
ene blue reduced by hydrosulfite or cysteine. After moderate washing in 
running water, little or no color appears. Addition of an oxidant however, 
reveals at once that a large quantity of methylene white has been adsorbed. 

LITMUS 

Litmus paper is rendered colorless by hydrosulfite in both acid and 
neutral solutions. Autooxidation is slow. The white paper can be washed 
in running water and then reoxidized to the red or blue dye depending on 
the pH. 


PHENOSAFRANINE 

This dye is readily adsorbed by filter paper and can be reversibly oxidized 
and reduced in the adsorbed state. 

DISCUSSION 

The bonds responsible for the adsorption of the dyestuffs here investi- 
gated do not appear to affect appreciably those groups involved in the 
oxidation-reduction process. A parallel instance is that observed for the 
ionization of adsorbed protein. Since the electric mobilities of protein- 
covered quartz particles do not differ very much from the dissolved pro- 
tein, the free amino and carboxyl groups are not primarily involved in the 
adsorption reaction. It is of some interest to see a similar phenomenon 
occur with smaller molecules. 

A surface having selective adsorption for one form of the constituents of 
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a reversible oxidation-reduction system could shift the oxidation-reduction 
potential of the system. Adsorption reactions of this type have appar- 
ently been investigated only with pH indicators. Thus Deutsch has shown 
that indicators like bromothymol blue, malachite green, and many others 
have the undissociated form of the dyestuff selectively adsorbed if adsorp- 
tion occurs at a pH near the value of pk of the indicator. In this instance 
the pH of the solution does not change appreciably, for the color change 
occurs in well-buffered solutions. Since adsorbed methylene blue is not 
readily reduced by hydrogen gas-platinized asbestos, and since an 
electrode would indicate that the solution was very near the potential of 
the hydrogen electrode, it is evident that the electrometric measurement 
gives no indication of the potential at the surface (where adsorption occurs), 
even though the electrode potential has reached ^ ‘equilibrium.^^ In 
heterogeneous systems the attainment of “equilibrium” in solution does not 
necessarily indicate the reduction intensity at the surface. This should be 
borne in mind in connection with discussions involving the reduction 
intensity in living systems. 




THE ADSORPTION OF THE HEAVIER RARE GASES BY 
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Berlin, Germany 
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Since the nature of the van der Waals forces was revealed as a conse- 
quence of the atomic zero point vibrations of the electrons, the adsorption 
as caused by such attraction fields of solid or liquid surfaces also became 
accessible to advanced theoretical treatment. The theory due to London 
(12) at first was applied to the simplest example, that of spherical sym- 
metrical atoms and molecules which may be regarded as spheres. Intro- 
ducing certain further simplifying assumptions, London calculated the 
heats of adsorption by charcoal. 

Owing to a numerical error, the values so obtained seemed at first to 
be in excellent agreement with the experimental results. The correctly 
calculated values, however, are only one-tenth, or, if repelling forces are 
disregarded, nearly one-fifth of the observed amounts. Thus, although 
the right order of magnitude is attained, there exists a discrepancy, the 
reason for which must be sought in the nature of the experimental condi- 
tions rather than in the theory. 

As London has already pointed out, an increase of the attraction beyond 
that due to entirely plane surfaces is to be expected, owing to the porous 
structure of the crystalline adsorbent. Experimentally, it would seem 
possible to avoid these irregularities by using single crystals as the ad- 
sorbent. This method, however, has the disadvantage of so limiting the 
surface that it would be difficult to obtain measurable adsorption. 

Measurement of the surface tension of liquid adsorbents may be a 
better procedure, for on this basis surface densities of the adsorbed gas 
atoms may be derived by the Gibbs thermodynamic equation. Though 
at first sight this method appears to be rather indirect, its advantage over 
the mere observation of adsorbed quantities is that it does not require a 
special measurement of the adsorbing surface area. The heats of adsorp- 
tion are then derived from the determination of different isotherms. 

‘ The measurements were carried out in collaboration with K. Neugebauer in the 
Technische Hochschule, Berlin; see also the dissertation of H. Binne, Technische 
Hochschule, Berlin, 193^ 
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Liquid mercury was used as the adsorbent in our experiments. This 
material proved to be well suited for checking the adsorption theory. 
Although in the earlier stage of our knowledge of the metallic state the 
application of London’s theory to metals was objectionable, now, on the 
basis of Bloch’s (2) ideas,* it is justified by the new dispersion theory of 
metals advocated by Kronig (9). 

The experimental equipment was that previously used for the study of 
the adsorption of some polar and non-polar compounds by mercury (5) 
and was very similar to that of the capillary electrometer. In order to 
measure the surface tension, a, the height of a mercury column necessary 
to press a mercury droplet through a small hole was determined. This 
opening, about 0.1 mm. in diameter, consisted of a stainless steel nozzle 
such as is employed for the purpose of manufacturing artificial silk. It 
was sealed to the bottom of a vertical glass tube communicating with the 
container of the mercury, which was purified by vacuum distillation and 
lifted pneumatically to the desired level. The observations made by 
means of a cathetometer were in error by less than 0.05 mm., that is to say, 
they corresponded to the formula 

p = <r(l/ri + l/rj) 

by less than 0.1 dyne per centimeter. In order to eliminate the uncer- 
tainty in the effective value of the curvatures, l/n -f- l/r 2 , of the hole, the 
value 480.00 dynes per centimeter for the surface tension of mercury at 
room temperature (20®C.), as determined by Bircumshaw (1), was taken 
as a standard for calibration.* Owing to the smallness of the radii, correc- 
tions for the influence of gravity could be neglected. 

The accuracy of db0.05 dyne per centimeter thus obtained was, however, 
not sufficient to indicate any decrease of the surface tension by the action 
of argon at room temperature, even at a pressure of 100 mm. of mercury. 

To continue the investigation, therefore, the heavier rare gases, krypton 
and xenon, were brought into contact with the metal. In these cases also 
the observable effects at room temperature were rather small, although 
well-defined values of the decrease in surface tension could be measured on 
cooling the system. Particular care was taken to keep the temperatures 
constant. Here of course the freezing point of mercury determined the 
lowest temperature. 

The experimental results are given in the first and second columns of 
table 1. The corresponding figure (figure 1) shows the decrease in the 
surface tension, (Tq — (t = F, as plotted against the gas pressure, p. 

• We are indebted to Dr. Felix Bloch of Stanford University for his kind sug- 
gestions. 

• With the value recently obtained by Bradley (3) our results had to be increased 
by 4 per cent. 
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In the range of lower pressures, the isotherms are approximately straight 
lines converging towards the zero point. Under these conditions dF/dp 
= F/Pf 80 that the Gibbs relation, dF/dp = TRT/pj yields the simple 
^^two-dimensionaP' osmotic equation of state: F = TRT, where T denotes 
the number of adsorbed moles per unit area. 

TABLE 1 


Isotherms for adsorption of rare gases by mercury 
a. Krypton 


p 

F 

r 

p 


r 

T = 235‘’K. 

T = 253°K. 

mm Hg 

dynes per cm. 

10-18 cm 2 

mm Hg 

dynes per cm. 

10-1* cm 2 

93 

0 35 

1 1 

60 

0 20 

0 6 

198 

0 85 

2 5 

160 

0.50 

1 6 

263 

1 10 

3 4 

221 

0.75 

2 2 

320 

1 30 

4 0 

339 

1.15 

3 4 


b. Xenon 


p 

F 

r 

p 

F 

r 

T = 237°K. 

T - 253°K. 

mm Hg 

dynes per cm. 

10-1* C7H 2 

mm Ilg 

dynes per cm 

lO-w cm 2 

50 

1 65 

5 0 

59 

1 20 

3 5 

89 

2 85 

8 5 

130 

2 60 

7 5 

198 

6 05 

18 0 

234 

4 40 

12 0 

331 

9 10 

25 0 

295 

5 50 

15.5 

Vapor density. . . . 

8 65 

Vapor density . . . . . 

... 11.50 

Liquid density . . . 

43 50 

Liquid density 

. 52 50 

T = 273°K, 

T = 293°K. 

69 

0 80 

2 0 

40 

0 35 

1 0 

93 

1 10 

3 0 

91 

0 70 

2 0 

146 

1 75 

4 5 

149 

1 20 

3 0 

227 

2 75 

7 5 

205 

1 60 

4 0 

278 

3 35 

9 0 

280 

2 00 

5 5 




355 

2 80 

7 0 

Vapor density 

18 3 




Liquid density 

.. 47 7 





At higher pressures, the 237°K. and the 253°K. isotherm of xenon incline 
distinctly toward the p-axis. This curving, familiar from the Langmuir 
type of adsorption isotherms, in the case of mobile adatoms^ indicates a 

* The word “adatom,^’ as introduced by F. A. Becker, is here used to designate 
the adsorbed particles according to Langmuir (10). 
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predomiimnce of the virial term which arises from the repulrion of the 
adatoms over that due to the mutual attraction (6). let tus suppose that 
the simple van der Waals equation holds true for the gaseous state (con- 
stants a and b) as well as for the adsorbed state (constants a and P). The 



Fig. 1. The decrease of the surface tension, F, is plotted against the gas pressure. 
The observations are represented by vertical lines, the length of which corresponds 
to the possible error. The drawn straight lines are the initial tangents of the iso- 
therms corresponding to the ideal two-dimensional gas law F « FRT, 

critical temperature of the adsorbed state may then be estimated by means 
of the equation 

ab 
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Since, according to Volmer (19), is equal to twice the cross section of 
the adatoms, 6//3 is given by 8/3r if r denotes the radius of the atom. The 
amounts of o and a on the other hand, as determined by the virial coeffi- 
cients of the attracting forces, may be calculated from the inverse seventh- 
power law as derived by London (12). Thus, the ratio a/a is found to be 
the same as b/fi. Hence, in the case of xenon the critical temperatures 
should be equal, namely, 289.6°K. This deduction, however, fails to 
agree with the experiments. 

The surface densities (number of atoms per unit area) of the liquid state 
and the coexisting vapor of xenon in bulk, as calculated from the measure- 
ments of Patterson, Cripps, and Gray (14), may be compared with the 
surface densities of the adatoms corresponding to the Gibbs equation as 
given in the third column of table 1. The values, although exceeding the 
vapor densities of 253°K. and 237®K., do not reach those of the liquid state. 

It must be concluded, therefore, that the critical temperature of the 
adsorbed state lies below the range here observed. This behavior obvi- 
ously corresponds to a very general rule (17) : condensation phenomena in 
adsorbed layers occur only at temperatures far below the critical point of 
the masses in bulk. 

In the case here studied, this may be due to the fact that the assumption 
of a free two-dimensional mobility is not quite justified, owing to distinct 
elementary spaces of adsorption. It was necessary to assume a semi- 
crystalline structure of the mercury, as was suggested for the interior of 
the liquid by Debye and Menke (8) and observed by Bresler (4) for the 
reflection of electron beams from the surface of liquid mercury. There is, 
furthermore, reason to believe that an increase in ^ beyond the value em- 
ployed above could be brought about in the electric field of the metallic 
surface by the polarization, which reinforces the mutual repulsion of the 
adatoms by induced dipole moments. 

For the purpose of further tests, the heats of adsorption on ^4, on the 
basis of the experimental results, were calculated for the different isotherms 
according to the formula (7), 



which corresponds to the statement that the ‘‘dividing surface^^ coincides 
with the surface of the adsorbent. The values thus obtained are given in 
table 2. 

The simplest method of checking these results, and one requiring a 
minimum of hypothesis, could be established by the knowledge of the 
binding energy, U, of the diatomic compounds between mercury and the 
rare gases. The existence of such molecules caused by polarization forces 
was suggested by Oldenberg (13) in order to account for his spectroscopical 
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observations. The heat of adsorption then may be calculated with satis- 
factory approximation, taking into consideration the attraction exerted 
only by the next neighbors of the adatom. This quantity, of course, 
depends on the type of arrangement of the atoms of the adsorbent. For 
hexagonal, spherical, close packing, corresponding to the work of Stranski 
and Kaischew (18), the inverse seventh-power law of attraction yields A = 
4.35 U, as an average value of different possible surfaces (see table 3, Ad). 

However, as the interpretation of the spectroscopic data is rather proble- 
matical, especially in the case of xenon, the complete requirement of the 


TABLE 2 
ffeats of adsorption 


OAB 

TEMPERATUBB 

HEAT OP ADSORPTION 


“X. 

cal. 

Krypton 

239 

2700 

Xenon 

245 

3450 


263 

3350 


283 

3400 


TABLE 3 

Certain physical constants of the rare gases and mercury 


ELEMENT 

Ra 

Rb 

Rc 

a 

/ j 

Aa 

Ab 

Ac 

Aa 

Ao 

L 


cm.~8 

emr^ 

cm.~^ 

X 10-5M 

kg-cal. 

cal. 

cal. 

cal. 

cal. 

cal. 

cal. 

Neon 

I 65 

1 20 

1.60 

0 42 

514 

850, 

1200 

800 



(600) 

Argon 

1 85 

1 47 

1 95 

1 70 

375 

2300 

3250 

2100 

2700 


1500 

Krypton 

1 95 

1 57 

1 98 

2 35 

332 

2750 

3900 

2700 

3700 

3000 

2300 

Xenon 

2 10 

1 72 

2 20 

3 85 

285 

3750 

5200 

3500 


3700 

3100 

Mercury... 

1 60 



11 2 

240 








London theory has to be applied, representing the heat of adsorption by 
the equation: 


A = 


TT « aa! I •!* 
4 ^ 7+7' 


where I and /' denote the ionization potentials, a and a! the atomic 
polarizabilities, N the number of mercury atoms per cubic centimeter, and 
D the distance of the adsorbate and the adsorbent, as given by the sum of 
the radii of the noble gas and the mercury atoms. Since this quantity 
enters with the third power, the results, of course, are greatly dependent 
upon the value chosen. The radius of the mercury atom was calculated 
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from the density of the crystal, assuming spherical close packing. Conse- 
quently the radii of the noble gas atoms were determined on the same basis, 
according to the work of Simon (16) and Ruhemann (Ra)- To obtain an 
idea of the possible limits of variation, the amounts derived from the 
critical volume (Ki) and from the liquid densities (Rc) are also given in 
table 3, as well as the “spectroscopic^' heats of adsorption (^d), the 
heats of evaporation (L) (15), and the ionization potentials (J). 

The heats of adsorption found experimentally had to be extrapolated to 
the absolute zero point. This was done upon the supposition that the 
specifics heat of the adatoms equals that of the adsorbent (^o). 

While the agreement between theory and experiment was satisfactory for 
charcoal only as regards the order of magnitude, the observed values for 
mercury tend to coincide with the lower theoretical limit, which might have 
been expected since, as a first approximation, the forces of repulsion were 
disregarded. 


SUMMARY 

The surface tc'nsion of mercury in contact with krypton and xenon was 
measured at several temperatures and pressures. With the accuracy 
available (zb 0.05 dym^ ])er centimeter) th(‘ influence of argon could not be 
ascertained. The adsorbed quantities were calculated by means of the 
Gibbs equation, and the heats of adsorption derived from these isotherms 
were compared with the theoretical values according to the dispersion 
theory of the van der Waals forces. 

W(' wish to express our thanks to Dr. Pollitzer, chief chemist of Linde's 
Eismascliinen, Munchen, Germany, through whose kindness w(' obtained 
samples of the noble gases, and to Professor J. W. McBain of Stanford 
University for his kind interest. 
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INTRODUCTION 

It has been known for centuries that certain gums are capable of prevent- 
ing decay. Some of those gums were used by the Egyptians in the preser- 
vation of their dead. It was found that the preserving action of these 
gums was due to benzoic acid, one of their constituents. The insects 
caught by some insectivorous plants are preserved for long periods of time 
by the benzoic acid excreted from the leaves of these plants. At the 
present time use is made of the preserving action of this acid and its salts 
in the treatment of certain foods to prevent spoilage. The acid and its 
salts also find some use in medicine as well as in the manufacture of certain 
dyes. 

When the acid or its salt is to be used in medicine or for the preservation 
of foods, the presence of certain impurities is considered to be particularly 
harmful. Much of the acid produced from chlorinated toluene contains 
(combined chlorine as an impurity. Since the removal of this material 
presents a difficult problem, some other method for preparing benzoic acid 
from toluene is being sought. 

In 1875 Coquillion (2) found that toluene vapor could be oxidized to 
benzoic acid by air in the presence of certain catalysts. Weiss and 
Downs (7) have given a review of the literature on the subject of catalytic 
oxidations, along with a report concerning their own w’ork in this field. 
One of the most outstanding researches on the catalytic oxidation of toluene 
is that of Maxted (6) in which he used a catalyst of tin vanadate. 

Advantages of a vapor phase catalytic process for the preparation of 
benzoic acid from toluene are obvious. The product may be made to 
sublime from the reaction chamber in a comparatively pure state with no 
inorganic contamination. Air has a sufficiently high concentration of 
oxygen to bring about the desired reaction, providing other conditions are 
properly chosen. Since the reaction is exothermic, external heating of the 

^ This paper is based upon a thesis submitted to the Graduate School of Indiana 
University by Roy Huitema in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy in Chemistry, June, 1934. 
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apparatus should be unnecessary. Any by-products of the catalytic 
process for the oxidation of toluene should be of such a nature as to present 
no difficulty in their disposal. 

Numerous patents have been granted covering the use of certain ma- 
terials as the contact mass in the vapor phase catalytic oxidation of toluene 
and related compounds. The catalysts which find the greatest favor with 
the investigators are the compounds of vanadium. In fact many oxida- 
tions, both organic and inorganic, are catalyzed by compounds of this 
element. Although vanadium pentoxide was one of the compounds first 
used in this type of work, it has been supplanted to some degree by the 
vanadates. Since tin vanadate has been reported to be especially active 
in the oxidation of toluene to benzoic acid, it was thought advisable to 
investigate the behavior of this catalyst a little more closely. 

THEORETICAL CONSIDERATIONS 

Several possible reactions may take place in the oxidation of such a 
compound as toluene. The nature of the reactions and the extent to 
which they occur are determined largely by the following conditions: 
temperature of the reaction chamber, pressure, nature of the catalyst, 
nature and proportion of diluent gases, and the proportion of oxygen to 
toluene vapor. 

From a technical point of view the question of greatest importance is 
that concerning the ratio of the quantity of toluene converted to the 
desired product to the total amount of toluene consumed in the process. 
The reaction, too, must be of such a nature as to proceed with a sufficiently 
high velocity to be profitable. 

A number of non-reactive vapors or gases have been suggested for use 
as diluents for the air used in vapor phase oxidation. It may be that in 
some cases a diluent tends to blanket side reactions which take place. 
Other diluents merely decrease the concentration of one or more of the 
reactants and thereby lessen the speed of the reaction. 

Water vapor added to the reacting gases may serve as a means of carry- 
ing some of the less volatile products from the reaction chamber. How- 
ever, if water is a product of the desired reaction, its addition may have a 
detrimental effect. The addition of any vapor or gas to the reactants 
increases the velocity with which they pass over the catalyst surface and 
therefore decreases the time of contact. 

Perhaps the greatest benefit of the addition of inert materials to the 
reaction mixture is the tendency of these materials to maintain a more 
uniform temperature of the catalyst by absorbing some of the heat liber- 
ated in the reaction. If the reaction takes place at points on the surface 
of the catalyst, the heat liberated at these points may raise their tempera- 
ture to such an extent that the products of the reaction will be different 



TIN VANADATE AS CATALYST 


533 


from those which would have been obtained had the temperature been 
held constant. Investigators (8) using glass apparatus report that when 
air and toluene vapor are mixed and passed over a catalyst heated to a 
temperature of from 200 to 300°C., points on the surface of the catalyst are 
heated to redness by the heat liberated in the reaction. 

The following thermal equations show that a large quantity of heat will 
be liberated when the desired reaction takes place. 

CflHfiCHs + 902 -> 7CO2 + 4H2O + 935.6 kg-cal.^ (1) 

CeHfiCOOH + 7.5O2 7CO2 + 3H2O + 771.2 kg-cal. (3) (2) 

By subtracting equation 2 from equation 1 we get the following equation: 

CcHfiCHa + f O2 CeHfiCOOH + H2O + 164.8 kg-cal. (3) 

If one molecular weight of toluene is completely oxidized, there are 935.6 
kg-cal. of heat liberated. Nine molecular weights of oxygen will be con- 
sumed in the process. However, if nine molecular weights of oxygen are 
utilized to oxidize toluene to benzoic acid, there will be 6 X 164.4 kg-cal. 
of heat liberated. This amounts to 50.8 kg-cal. more than the amount 
liberated when this same weight of oxygen is consumed in the complete 
oxidation of toluene. 

The temperature at which a particular reaction may be catalyzed is 
dependent upon the catalyst used. For example, if a mixture of air and 
toluene vapor is passed over a vanadium pentoxide catalyst, the tempera- 
ture must be nearly 400°C. before an appreciable amount of benzoic acid is 
formed. If some other catalyst is used, this same mixture will react at a 
different temperature. 


EXPERIMENTAL PROCEDURE 

The work herein rejiorted was done in an attempt to determine the 
applicability of a tin vanadate catalyst to the vapor phase oxidation of 
toluene to benzoic acid. The effect of preliminary heating upon the 
activity of tin vanadate and the effects of such variables as reaction 
temperature, concentration of oxygen, and the addition of diluent gases 
were studied. Not only was the percentage of toluene converted to benzoic 
acid determined, but also a measure was taken of the extent to which the 
toluene was completely oxidized. 

The apparatus consisted of a reaction chamber of black iron 3 in. long 
and IJ in. in diameter fitted at the bottom end with a cap and at the top 
with a reducer, T. The lower cap was drilled and threaded to take a 
i-in. pipe through which the gases might enter the reaction chamber. The 
gases passed up through the catalyst and out of the chamber through the 

* This is the average of the values given by Kharasch (5). 
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side arm of the T. The upper opening of the T was bailed down to take 
a I'-in. pipe which extended down to the top of the catalyst. This last 
named pipe was capped at the lower end and carried a copper-advance 
thermocouple for measuring the temperature of the gases as they came 
from the catalyst. Since the position of maximum temperature in the 



body of a catalyst varies from time to time and is dependent upon the age 
of the catalyst, rate of gas flow, and other conditions, the temperature of 
the gas coming from the catalyst was taken as the working temperature of 
the catalyst. A diagram of the apparatus used is shown in figure 1. 

The entire apparatus with the exception of the reservoirs and the con- 
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denser was placed in a tin can 8i in. tall and 6 J in. in diameter on the inside 
of which 30 ft. of No. 16 B. and S. gauge chromel wire was imbedded in 
alundum cement. The chromel wire acted as the heating unit and was 
placed in series with an outside resistance. After the apparatus was 
placed in the can in the desired position the remainder of the can was filled 
with sand. This was done so that all parts of the apparatus would be held 
at a uniform temperature. The variation in temperature of the gases 
coming from the catalyst never amounted to more than 2°C. for a given 
run. 

Toluene was placed in the reservoir by means of a calibrated pipet and 
forced into the furnace at the desired rate through the connecting capillary. 
Since the capillary tube was heated to a temperature well above the boiling 
point of toluene, this material was vaporized before it reached the bottom 
end of this tube. At this point the vapor came in contact with the incom- 
ing air. Ample mixing of the vapor with the air took place as the two 
materials passed through the iron tube leading to the catalyst chamber and 
in their passage through the asbestos catalyst support. The desired rate 
of toluene flow was obtained by means of mercury leveling bulbs which 
regulated the pressure on the surface of the toluene in the reservoirs. 

The gas flow into the furnace was kept constant throughout the run and 
for 90 minutes after the last of the toluene had entered the furnace. This 
was done in order that the greater portion of the benzoic acid which had 
been formed would be carried from the furnace. 

In all of the work to be reported here 2 cc. of toluene (1.707 g.) was fed 
into the furnace in thirty minutes. After the washing period was finished 
the benzoic acid which had been formed was washed from the condenser 
with alcohol and water. 

Any carbon dioxide which remained in the solution washed from the 
condenser was removed before the benzoic acid w'as titrated. This was 
done by bubbling carbon dioxide-free air through the solution for forty 
minutes. The acid was then titrated with N/10 sodium hydroxide solution 
which had been standardized against c.p. benzoic acid. Phcnolphthalein 
was used as indicator. 

The first run made under a given set of conditions was discarded; data 
were collected from subsequent runs. The 90-min. wash period was not 
sufficient to remove all of the benzoic acid from the furnace, but it was 
considered reasonable to assume that the amount of acid which was 
carried over from one run to the next would be constant. Any inaccuracy 
due to this carry-over from one run to the next was less than the inaccura- 
cies due to errors which might develop from other sources. 

The escaping gas from the condenser was passed through concentrated 
sulfuric acid to remove the vapors of water and toluene. Next, it passed 
through two weighed tubes of potassium hydroxide solution (sp. gr. 1.27), 
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and finally through a weighed tube of concentrated sulfuric acid with a 
glass wool filter on the end. The difference in the sum of the weights of 
the potassium hydroxide tubes and the weighed sulfuric acid tube before 
and after the run was taken as the weight of the carbon dioxide produced. 
The removal train was connected to the condenser during the time toluene 
was being fed into the furnace and for five minutes after the last of the 
toluene had entered the furnace. The weight of carbon dioxide found in 
this manner was not entirely accurate, but the method served as a means 
of determining the relative losses of starting material. 

The back pressure created by the carbon dioxide removal train was 
relieved by means of an aspirator. In this way it was possible to keep the 
pressure within the reaction chamber equal to that of the atmosphere. 

The tin vanadate used as catalyst in this work was prepared by precipi- 
tation. A hot solution of carefully purified ammonium metavanadate was 
added to a dilute solution of stannic chloride (sp. gr. 1.075) to precipitate 
the tin vanadate. The product was washed several times by decantation. 
It was then filtered on a Buchner funnel and washed until the filtrate was 
practically free of chlorides. 

When the washing was completed, the material was transferred to a 
large evaporating dish and dried for thirty-six hours at 110^(1 The drying 
process was hastened by breaking up the lumps and by stirring the material 
occasionally. The dried tin vanadate was a rather hard, brittle material 
and was chocolate colored. It was broken up by means of a mortar and 
pestle until it would pass through a 20-mesh sieve. 

The tin vanadate prepared as described above was divided into three 
parts, one of which was used directly as the contact mass in the oxidation 
of toluene to benzoic acid. This unheated material will be spoken of as 
catalyst A. Another portion of the material was placed in a cold muffle 
furnace and slowly heated to 400®C., maintained at that temperature for 
thirty minutes, and then allowed to cool. Tin vanadate treated in this 
manner will be spoken of as catalyst B. The third portion of the un- 
treated material was heated in a furnace at 700®C. for thirty minutes. 
This material will be called catalyst C. When the temperature of the 
furnace in which catalyst C was being heated reached 450®C., some am- 
monium chloride was expelled from the material. The heated catalysts 
took on a yellowish color. 

The apparent volume of catalyst used in each case was 30 cc. The 
material was spread evenly over the asbestos base, so that the reacting 
gases would pass through equal thicknesses of the contact mass. 

Before any data were taken the catalysts were used for several days in 
the oxidation of toluene so that they would reach a constant degree of 
activity. This precaution was apparently unnecessary, as there was little 
or no change in the activity noticed after a few runs had been made. 
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RESULTS 

The data in table 1 are made up of the results of a series of runs carried 
out in an attempt to determine the temperature at which the conversion 
of toluene to benzoic acid would be most practical. These data are 
represented graphically in figures 2 and 3. It is apparent that the tempera- 
ture at which the highest percentage of toluene is converted to benzoic 
acid is 243°C., and that the percentage of toluene completely oxidized 
increases rapidly with increasing temperature. 

On comparing the different catalysts, it is seen that the heating of tin 
vanadate changes its nature to a considerable extent. The exact nature of 
this change has not been determined, but it may be due to the driving off 
of occluded ammonium chloride. It is possible, too, that a change in 

TABLE 1 

Determination of most practical temperature for the conversion of toluene to benzoic acid 
Air flow: 7 liters per hour, which represents 100 per cent of the amount of oxygen 
required to oxidize the toluene to benzoic acid. Toluene flow: 

3.414 gm. per hour (2 cc. in 30 minutes) 


TB2MP1GRATURE 
IN ®C 

1 

PER CENT TOLt'ENE CONVERTED TO j 

BENZOIC ACID USING CATALYSTS 

PER CENT TOLUENE tONVKRTED TO 
CARBON DIOXIDE U8INO CATALYSTS 

A 

B 

c ! 

A 

B 

C 

210 

8 50 

6 45 

3 83 

5 51 

5 95 

2 64 

221 

9 72 

8 59 

5 25 

11 02 

11 42 

3 73 

228 

10 55 

9 55 

7 90 

14 10 

13 79 

8 45 

243 

11 00 

9 75 

11 90 

19 80 

17 93 

20 G2 

246 

9 80 

9 29 

9 80 

22 82 



261 

7 17 

7 85 

7 17 

25 42 

19 48 

21 60 

270 

6 45 

7 61 

6 45 

27 43 

22 70 

21 70 


crystalline structure took place during the heating period. Appreciable 
sintering of tin vanadate takes place at a little higher temperature than 
that to which catalyst C was heated. 

In order to ascertain the effect of oxygen concentration upon the amount 
of toluene converted to benzoic acid and upon the amount of toluene com- 
pletely oxidized, a series of runs were made using different rates of air flow. 
The temperature chosen for these runs was 236°C. At this temperature 
the conversion of toluene to benzoic acid was of the same order for all three 
catalysts, and there was no danger of exceeding the optimum operating 
temperature of any of them. The results of this series of runs are shown 
in table 2. 

The data in table 2 indicate the effect of variation of oxygen concentra- 
tion upon the percentage of toluene changed to benzoic acid and upon the 
percentage of toluene completely oxidized. The data show clearly that 
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even though the percentage of toluene converted into benzoic acid is some- 
what hij^er at i^e higher oxygen concentrations, the loss of toluene as 
carbon ^oxide and water is very much greater at these concentrations. 
In the production of benzaldehyde from toluene by the use of air as the 
oxidizing agent in the presence of a vanadium pentoxide catalyst, Green 
(4) states that equimolecular quantities of oxygen and toluene vapor give 
good results and that Gibbs has indicated that two and one-half times 



Fig. 2. The effect of temperature upon the per cent of toluene converted to ben- 
zoic acid. O, catalyst A ; ©, catalyst B ; ©, catalyst C. 

TABLE 2 


The effect of oxygen concentration 

Temperature: 236°C. Toluene flow: 3.414 g. per hour (2 cc. in 30 minutes) 


AIR USBJ) IN 
PBB CENT 

FBR CERT OF TOLUENE CONVERTED TO 
BENZOIC ACID USING CATALYSTS 

PER CENT OP TOLUENE CONVERTED TO 
CARBON DIOXIDE USINO CATALYSTS 

OF THVORY 

A 1 

B 

C 

A 

B 

C 

50 

8 57 

8 04 

6 05 

11 05 

9 95 

4 18 

71.5 

8 66 

8 43 

6 13 

11 31 

11 32 

4 54 

100 

9.29 

9 47 

9 47 

19 37 

16 05 

11.91 

343 

9 15 

10.12 

11.10 

20 95 

20 59 

18.92 


that concentration is desirable. The data in table 2 show p lainl y that even 
lower oxygen concentrations are desirable in the production of benzoic 
acid from toluene by the use of a tin vanadate catalyst. The great change 
in the amount of carbon dioxide produced with changing oxygen concentra- 
tions makes it apparent that a delicate means of control for the aur flow is 
essential in this type of work. A graphical representation of the effect 
of oxygen concentration upon the percentage of toluene converted to 
baizoie acid is ^ven in figure 4. 
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A relative measure of the amount of toluene consumed per pass whi(;h 
was converted to benzoic acid is given in the data in tables 3 and 4. The 
data in these tables were compiled by adding the per cent of toluene con- 
verted to benzoic acid to the per cent lost by complete oxidation. The 
per cent converted to benzoic acid was divided by this sum; the quotient 
obtained in this manner was then multiplied by 100. This final value shall 
be called the conversion ratio. 

The data in table 3 show the effect of temperature upon the conversion 
ratio. Since there may have been some error in the carbon dioxide de- 
termination the values given are only relative. These data show that the 



Fig. 3 Fig. 4 

Fig. 3. The effect of temperature upon the per cent of toluene completely oxidized. 
O, catalyst A; ©, catalyst B; ©, catalyst C. 

Fig. 4. The effect of oxygen concentration upon the per cent of toluene converted 
to benzoic acid. O, catalyst A; ©, catalyst B; ©, catalyst C. 


conversion ratios for all three catalysts decrease with increasing tempera- 
ture. Although the ratio for catalyst B is lower than the ratios of the other 
two catalysts at the lower temperatures, it is higher than the other ratios 
at the higher temperatures. The values of the different ratios were almost 
the same at the temperature at which the greatest percentage of toluene 
was converted to benzoic acid per pass (243°C.). 

The data in table 4 show the effect of oxygen concentration upon the 
conversion ratios of the different catalysts studied. It is shown by these 
data that the higher the oxygen concentration the higher the losses of 
toluene by complete oxidation. At the temperature chosen the conversion 
ratio for catalyst C is consistently higher than the ratios of the other two 
catalysts. 
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The variations of conversion ratios from one catalyst to another indicate 
that there is an essential change brought about in the catalytic activity of 
tin vanadate by preliminary heating. These differences suggest the 
possibility of finding a catalyst which under the proper conditions would 
convert a greater portion of the toluene consumed to benzoic acid. Had 
this ratio been the same for all of the catalysts under the same set of con- 
ditions, the prospects for finding a better catalyst would have been small. 
It may be possible to find some foreign substance which when added to tin 

TABLE 3 

The effect of temperature upon the conversion ratio 
Air flow : 7 liters per hour (100 per cent of the amount necessary to oxidize all of the 
toluene to benzoic acid). Toluene flow: 3.414 g. per hour 
(2 cc. in 30 minutes) 


TSMPSRATURB IN Xj. 

PSR CBNT OF TOLVBNB CONBUMBD WHICH WAS CONVERTED TO 

BENZOIC ACID USING CATALYSTS 

A 

B 

C 

210 

60.7 

52.1 

59.1 

221 

46.9 

42.9 

58 4 

228 

42.8 

40.8 

48.2 

243 

35.7 

35.2 

36.6 

261 

22.4 

28.7 

25 0 

270 

18.7 

25 2 

23.8 


TABLE 4 

The effect of oxygen concentration upon the conversion ratios of the catalysts 


Temperature: 236°C. Toluene flow: 3.414 g. per hour (2 cc. in 30 minutes) 


AIR USED IN PER CBNT 

OP THEORY j 

PER CBNT or TOLUENE CONSUMED WHICH WAS CONVERTED INTO 

BENZOIC ACID USING CATALYSTS 

A 

B 

C 

50.0 

44.5 

44.7 

59.0 

71.5 

43.5 

42.6 

57 5 

100.0 

32.4 

37.1 

44 3 

143 

30 4 

33 1 

37 0 


vanadate will blanket the reaction in which carbon dioxide is formed and 
thus produce a higher conversion ratio. This assumption is substantiated 
by the work of Chariot (1) in which he used various catalysts in the oxida- 
tion of toluene and its derivatives and found that there was a close relation 
between the extent of complete oxidation and the catalyst used. This 
relation was different for different catalysts, but it was essentially the same 
for a given catalyst irrespective of the compound oxidized. 

In order to determine whether or not the addition of carbon dioxide to 
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the reacting gases would produce a higher percentage of benzoic acid from 
toluene, a series of runs was made in which carbon dioxide was added to the 
mixture of air and toluene vapor. The results of this series of runs are 
shown in table 5. 

The data in table 5 indicate that the addition of carbon dioxide to the 
reacting gases has no beneficial effect, — at least there is no increase in the 
amount of benzoic aqid produced per pass. Since no measure was taken 
of the extent of complete oxidation, we are not in a position to say defi- 
nitely how the presence of carbon dioxide affected the conversion ratio, 
but in view of the other work which has been done on this subject, it is 
likely that the conversion ratio was not affected to any great extent. The 
decrease in the benzoic acid yield was probably due to the increased 
velocity of gas over the catalyst. A run was made with an air velocity of 
3.5 1. per hour and with the same velocity of carbon dioxide. The oxygen 
concentration in this case was 50 per cent of the theoretical amount re- 
quired to oxidize the toluene to benzoic acid, while the total gas velocity 

TABLE 5 


Runs made in which carbon dioxide was added to the mixture of air and toluene vapor 
('atalyst: tin vanadate heated to 400°C. Temperature, 236°C. Air flow: 7 1. per 
hour (100 per cent theoretical oxygen) 


CARBON DIOXIDE ADDED IN LITEHfl PER HOUR 

PER CENT TOLUENE CONVERTED TO BENZOIC ACID 

None 

10 07 

5 

8 91 

10 

7.20 


was essentially the same as when tlie oxygen concentration was 100 per 
cent and no carbon dioxide W’as added. The benzoic acid produced under 
these conditions was the same as when none of the diluent was added. 

When water vapor was added to the reacting gases, the extent of com- 
plete oxidation w^as the same as when no water vapor was added, and the 
benzoic acid yield was appreciably decreased. 

In all of the work herein reported small quantities of anthraquinone and 
benzaldehyde were formed. Although no measure was taken of these 
quantities, the anthraquinone production appeared to increase with 
increasing temperature and also with the addition of carbon dioxide to the 
reaction mixture. 


CONCLUSIONS 

1. Tin vanadate is an excellent catalyst for the oxidation of toluene to 
benzoic acid. 

2. Heating previous to use has a marked effect upon the behavior of tin 
vanadate as a catalyst in the reaction studied. 






542 


BOT HOTTEBtA. AND O. W. BBOWW 


3. The temperature at which the reaction takes place and the concentra- 
tion of oxygen affect the ratio of carbon dioxide to benzoic acid produced 
in the reaction. 

4. The addition of diluents to the reacting gases gave no beneficial 
results in any of the experiments carried out. 

6. Delicate control of air flow and temperature are essential in the type 
of work herein reported. 

6. Anthraquinone and benzaldehyde are by-products of the reaction. 
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Because of the extensive use and the great importance of electrokinetic 
methods in the study of adsorption from solution, the stability of colloidal 
systems, the electrical charges on colloids, living cells, etc., and a variety of 
other properties dependent on the existence of an electrical double layer 
at an interface, it is of importance to know whether the results of different 
electrokinetic experiments can be compared with each other, or, more 
specifically, whether the electrokinetic, or zeta, potentials obtained by one 
type of electrokinetic measurement are identical with those obtained by 
another method. 

It has generally been assumed that cataphoresis, electrosmosis, or stream- 
ing potential experiments would yield identical values of the f-potential 
provided the system being studied were in exactly the same condition in 
each case. This assumption is partly due to a rather prevalent notion that 
the classical mathematical formulations of electrokinetics require such an 
identity and partly to Sax^n^s (23) experimental demonstration of the so- 
called reciprocal relation between electrosmosis and streaming potential 

(!-9 

which he showed must obtain if the identity assumption is made with 
regard to the f-potentials. 

Since the Sax4n experiments of 1892 very little has been done to supply 
additional evidence on this important point. Thon (24) called attention 
to the fact that electrokinetic potentials calculated from cataphoresis 
measurements passed through maxima or minima at electrolyte concen- 
trations considerably different from those at which maxima or minima 
occurred in streaming potential or electrosmosis experiments. Kanamaru 

^Present address: Department of Chemistry, Fresno State College, Fresno, 
California. 
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(12) has made extensive electrosmosis and streaming potential measure- 
ments on cellulose and cellulose derivatives in contact with water and 
numerous electrolyte solutions, and reports that the streaming ^-potentials 
were 2.6 times as large as the electrosmosis values. Since our own experi- 
ments were completed Bull (5) has reported a careful investigation of the 
same question. Electrosmosis, streaming potential, and electrophoretic 
measurements were made with Pyrex glass coated with protein. The 
f-potenti{ds were found to be identical in the three cases. 

Briggs (4) measured streaming potentials produced by streaming buffer 
solutions through diaphragms made of quartz particles covered with egg 
albumin. The I'-potentials calculated from his data are in remarkably 
close agreement with those reported by Abramson (1, 10) on the basis of 
measurements of cataphoresis of quartz particles coated with egg albumin. 
However, the buffer solutions used in the two sets of experiments differed 
in electrolyte content, and Abramson (2) repeated the cataphoresis meas- 
urements with protein-covered quartz particles and buffers identical in 
composition with those used by Briggs. The f-potentials were now found 
to be about 50 per cent higher than Briggs’ values, and Abramson con- 
cluded that the proteins used must have differed in some way. 

In addition to these direct comparisons of electrokinetic potentials, it 
may be mentioned that deviations from the Helmholtz equations have been 
reported and discussed by various workers, including GSsta KShler (13), 
Manegold and Solf (16), H. Reichardt (20, 21, 22), and Ettisch and Zwan- 
zig (7). H. B. Bull has recently repeated the measurements of Ettisch 
and Zwanzig (6) and finds the deviations not to exist. 

In order to provide a further, independent test of the identity of electro- 
kinetic potentials we undertook to make combined measurements of elec- 
trosmosis and of streaming potential on a single system. We chose for 
the experiments a glass slit made of optically polished glass and of known 
dimensions. This was generously put at our disposal by Professor J. W. 
McBain and was the largest (slit No. 10) of the glass slits used in his care- 
ful measurements of surface conductivity (15). A detailed description of 
the preparation of these slits is given in the paper referred to. The dimen- 
sions of the slit were checked by us and found to agree with those pub- 
lished; namely, thickness (<), 0.00125 cm.; width (w), 1.001 cm.; length 
(0, that is, the thickness of the supporting block containing the slit, 0.5014 
cm.; cross section of slit (wf), 0.00125 cm.* 

APPAEATUS 

The Pyrex glass apparatus in which the slit was mounted is shown in 
figure 1, the letters of which refer to the following parts; S, glass block 
containing the slit; BB, glass end blocks about 2.5 cm. square, with an 
opening through them about 1.3 cm. square; F, ebonite clamps holding 
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together slit block, end blocks, and main cell; CC, capillary tubes about 30 
cm. long, graduated in millimeter scale divisions and calibrated at 1-cm. 
intervals along their length by a weighed mercury thread, — used for observ- 
ing displacement of liquid through slit; E, saturated calomel electrodes, 
separated from the rest of the apparatus by porous plugs, PP, of sintered 
glass; Ep, probing electrodes of bright platinum; R, connections of rubber 
tubing; D, screw clamps. 

This apparatus (denoted cell IV) was designed to replace an earlier form 
equipped with platinized platinum probing electrodes and glass stopcocks 
throughout. The difficulties experienced with the earlier apparatus 
(denoted cell III) were (a) contamination of the very dilute solutions by 



Fig. 1. Apparatus for electromosis and streaming potential measurements with 
glass slit. S, block containing slit; C,C, capillary tubes; E,E, calomel electrodes; 
Ep and Ep, platinum probing electrodes; F,F, ebonite clamps; B,B, glass end block; 
R, rubber tubing; D, screw clamp; P, P, porous plug of sintered glass. 

foreign electrolyte previously adsorbed on the porous platinum surfaces 
of the probing electrodes, (b) persistent leakage through the glass stop- 
cocks, and (c) contamination by stopcock grease. The new apparatus was 
entirely free from these sources of error. To test the rate of contamination 
from the rubber tubing and other sources in cell IV the solution used in 
experiments 21 and 22 was allowed to remain in the cell ninety-one hours 
and experiment 23 was conducted. The results showed that the rate of 
contamination was no greater than would be expected for conductivity 
water in any type of container. The rate of increase of the specific con- 
ductance of the conductivity water in the special Jena glass storage flasks 
was about 1 per cent per day. 

At intervds the cell was cleaned with chromic acid without disassem- 
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bling, and then linaed with conductivity water for a period of about three 
days before resuming measurements, the water being forced through the 
sUt by pressure. The cell was cleaned as described between the successive 
experiments 26-27, 43-64, and 61-87. Dilute nitric acid was used for 
cleaning between experiments 113 and 114. Mercury for the electrode 
arms was cleaned by distillation in the absence of air. 

PREPARATION OP SOLUTIONS 

The conductivity water used in these experiments was prepared in a 
special still (3) and was stored in Jena glass flasks properly protected 
against atmospheric contamination. The specific conductance was always 
determined immediately before use. The electrolyte solutions were made 
up to weight normality from samples of the salts, which were the purest 
obtainable on the market and were used without further purification. The 
glassware used was always steamed thoroughly and rinsed with conduc- 
tivity water. The specific conductances of the more dilute electrolyte 
solutions were measured directly; the others were obtained from the 
International Critical Tables and the Landolt-Bornstein-Roth Physikal- 
isch-Chemische TcibeUen^ were recalculated to 22®C., and were corrected 
for the conductivity of the solvent. The values are given in the later 
tables. 


METHOD OF MEASUREMENT OF ELECTROSMOSIS 

The quantities directly measured in the electrosmosis experiments and 
the methods of obtaining them are indicated in what follows. 

V, the electrosmotic flow (cc. per second), was calculated from the aver- 
age of the displacements of the liquid meniscuses in the two capillary tubes 
and the duration of the experiment. 

E r, the total e.m,f. applied at the calomel end electrodes, was obtained 
from 45 volt batteries in series, which served excellently as sources of 
steady voltage because of the very slight current drain. 

J5o, the potential drop across the probing electrodes. To measure this a 
compensating e.m.f. exactly equal and opposite to JEo was applied to the 
probing electrodes by means of a potentiometer supplied by '^B^' batteries 
and shunted at the output terminals by a calibrated Weston voltmeter. 
Between one of the output terminals and its connection to the probing 
electrode was inserted a sensitive galvanometer. When the e.m.f. 's were 
balanced, as shown by the absence of any current through this galva- 
nometer, the value of the compensating e.m.f. was read directly from the 
voltmeter. This method did not disturb the electrosmosis experiment in 
progress but, on the contrary, had a steadying effect on the working cur- 
rent, which had often varied considerably when a quadrant electrometer 
had been used to measure Eq, The values of Eo appearing in the tables 
are the means of three such determinations made during each experiment. 
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Jo, the current passing through the slit during electrosmosis, was meas- 
ured by means of a sensitive galvanometer connected in series with the 
slit and calibrated at frequent intervals. In experiments wdth highly 
conducting electrolyte solutions a 0 to 999.9 ohms four-dial resistance box 
was used as a shunt around the galvanometer to bypass part of the current. 

Esiy the effective b.m.f. across the ends of the slit, was obtained by multi- 
plying the current Jo by the resistance of the liquid in the slit, Rsi (see 
below). It is important to note that the magnitude of the electrosmotic 
effect depends on the value of the electrical field within the slit, that is, on 
EailL, and the potential difference Em is somewhat less than E^ because of 
the potential drops between the probing electrodes and the ends of the slit. 
In order to evaluate these IR drops an extended study w^as made of the 
series resistances in the circuit. As a result it was possible to evaluate 
separately the resistance Rsi and thus the potential difference Esi ( 

Jo X Rsi)* 

(f-potentials were calculated from the experimental data by use of equa- 
tion 1, w^hich was derived by Helmholtz for a capillary tube and can be 
shown to be applicable without change to a narrow slit: 


^ 47r7, L V 
^ D ' Q' E 


(all quantities in absolute units) 


( 1 ) 


where is the viscosity of the liquid within which the double layer lies 
(taken equal to the viscosity of the bulk liquid), D is the dielectric constant 
of the liquid in the same region (taken equal to 80 here), L is the length of 
capillary or slit, Q its cross section, E the potential difference at its ends 
(equal to E si here), and V the electrosmotic flow (cc. per second). 

With substitution of the numerical values and change to practical units, 


f (in millivolts) 


4 X 3,1416 X 0.01 0.5014 


80 


X 


0.001251 


X (300)2 X 


Es 


METHOD OF MEASUREMENT OF STREAMING POTENTIAL 

The data obtained from the streaming potential experiments and the 
methods used were the following: 

V, the rate of flow of the liquid through the slit during the streaming, was 
obtained from the observed displacement of liquid in the capillary tube 
left open during the experiment. 

P, the applied hydrostatic pressure, was obtained by the use of mercury 
in a reservoir whose height could be adjusted and which was separated from 
the reservoir containing the streaming solution by a glass tube to which 
was connected a mercury manometer. The readings of the manometer 
were corrected for the difference in w’ater levels in the reservoir and the 
outlet of the cell. 
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E„ the streaming potential. In the early experiments with cell III 
streaming potentials were measured directly by the deflections of a Comp- 
ton electrometer connected to the calomel electrodes (one connection 
through ground). This was a sensitive quadrant electrometer (1000 mm. 
deflection per volt with scale at one meter), and although the instrument 
and all connections to it were carefully shielded, considerable difficulty 
was caused by the unsteadiness of the zero point arising from the large 
deflections obtained. In the later experiments with cell IV this difficulty 
was avoided by the use of an improved method of measurement. Figure 2 
shows the circuit arrangement. The streaming potentials were measured 
with a Leeds and Northrup Type K potentiometer with the Compton 
electrometer as a null instrument. By this method the electrometer vane 
was subjected to only slight displacements while a setting was being 



Fia. 2. Electrical circuit for measurement of streaming potential 

obtained, so that the zero point was very stable. It was necessary to 
operate the potentiometer at the high range (0 to 16.1 volts) to accommo- 
date the large streaming potentials often obtained. A group of 6-volt 
storage batteries supplied the working current for the potentiometer. 
These were always recharged slowly and gave a constant voltage over long 
periods of time. 

Calomel electrodes saturated with potassium chloride were used for all 
streaming potential measurements. The maximum error in the measure- 
ments of Eg was not more than 0.1 per cent, except in the few experiments 
where Eg was only a few millivolts. 

The potentiometer, cell, and reservoir were placed on plate glass resting 
on grounded sheet iron. 

Kg, the apparent specific conductance of the liquid in the slit, was calcu- 
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lated from the known dimensions of the slit and the observed conductance 
of the liquid in the slit. This slit conductance (l/Rsi) was determined 
before and after each set of streaming potential measurements. For this 
purpose the slit was flushed out with fresh solution, a known e.m.f. of, say, 
90 volts, was applied to the calomel end electrodes (disconnected, of course, 
from the electrometer), and /o, Eq, Esu and Rsi were determined as in the 
electrosmosis experiments. 


TABLE 1 


Electrosmosis experiments with conductivity water 


NO. 

TEMF 

•c 

K 

MHOS/ 

CM. 

X 10« 

Et 

VOLTS 

VOLTS 

^81 

VOLTS 

V 

cc PER 
SEC 

X 10- 

1 h 

AM- 

PERES 

X 10^ 

V/I„cc 

CM. 2 

VOLT-SEC 

[ X 105 

MILLIVOLTS 

AMP SE('. 

-5- 3 X 10» 

X io« 

19 

23 

0 53 

135 1 

105.0 

104 2 

-17 2 

6.75 

8 22 

67 7 

-95 8 ±2 5 

20 

24 ! 

0 53 

22 5 

16 7 

16.1 

-2.0 

0 96 

7.14 

50 9 

-72 0 ±4 7 

21 

23 

0 53 

45 

30 4 

29 4 

-4 6 

1 70 

1 9.04 

61 6 

-84 7 ±5 5 

22 

23 

0 53 

90 

56.7 

54.6 

-8 8 

3 48 

8 20 

63 1 

-89 3 ±7 5 

24 

22 

0 73 

135 

106 8 

104 2 

1 

-14 8 

5 54 

8 97 

57 2 

-81 0 ±4 8 

25 1 

22 

0 73 

135 

104 2 

101 7 

-14 Ij 

5 39 

8 71 

55 7 

-78 8 ±5 0 

26 1 

22 

0 73 

90 

71 6 

69 9 

-8 8' 

3 62 

8 21 

50 7 

-71 7 ±4 7 

27 

22 

0 56 

225 

122 3 

116.0 

-23 6 

10.70 

7 42 

81 0 

-114 6 d=7 3 

28 

22 

0 56 

180 

115 5 

87 8 

-16 0 

8 09 

6 74 

72 3 

-102 2 ±7 7 

29 

24 

0 56 

135 

72.0 

68 3 

-12 6 

6 46 

6 54 

73 4 

-103 9 =bll 9 

30 

24 

0 56 

90 

49.1 

46.6 

-8 2 

4.43 

6 20 

71 0 

-100 4 ±11 4 

31 

25 

0 56 

45 

25 4 

24.1 

-4 1 

2 35 

5 90 

70 4 

-99 5 ±19 0 

Mean 

7 65 

64 0 

-91 6 ±7 2 


The ratio TV^n is iri absolute units — cc. per second per ampere/3 X 10’* — in order to 
facilitate comparison with the streaming potential ratio E/P^ also in absolute units 


f-potcntials were calculated from the experimental data by the use of 
equation 2, valid for slit or capillary: 


47r?; Eft 

~D '“‘ T 


(all in absolute units) 


or, in practical units, 


f == X «. X 9 X 10“ X ^ X 10’ 


(f in millivolts, E^ in volts, and P in dynes per square centimet(T). 


( 2 ) 


ELECTROSMOSIS EXPERIMENTS WITH CONDUCTIVITY WATER 

Three series of electrosmosis experiments were carried out with three 
different lots of conductivity water of nearly the same conductivity 
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(0.5 to 0.7 X 10“^ mho per centimeter), fifty-sev® separate determina- 
tions of f in all.® The results are given in table 1. 

Before makix^ a set of measurements the apparatus and the slit were 
rinsed thoroughly (while assembled) with conductivity water whose specific 
conductance had just previously been determined. The positions of the 
water meniscuses in the capillary tubes were then read after previous 
observations had shown them to be stationary without applied field. The 
desired voltage was then applied to the calomel end electrodes and the 
time noted to the nearest second. From two to four times during the 
ensuing electromosk the total current passing through the slit was read 
from the series galvanometer and the potential difference between the 
probing electrodes (Eq) was measured without interruption of the experi- 
ment. At the end of from three to ten minutes the current was inter- 
rupted; the water meniscuses in the capillaries instantly became station- 
ary, and their positions were read. 

Each set of data in the tables is the mean of the results of from four to 
six such experiments carried out in succession at the same applied voltage 
and without refilling the apparatus. The last column in table 1 gives the 
mean deviation of the individual f-potentials from the recorded mean. 

The direction of electrosmosis was generally reversed in successive 
experiments by reversing the applied field. The mean of the f-potentials 
thus obtained was 11.7 per cent less for experiments in one direction (thirty 
experiments) than for those in the reverse direction (twenty-seven experi- 
ments), or 4.2 per cent less than the published mean for all experiments. 

The work with conductivity water was entirely completed before that 
with electrolyte solutions was begun, in order to avoid as far as possible 
contamination of the slit by foreign electrolyte. 

Relatian of observed electrosmosis to strength of applied field 

We were much interested in the possibility of finding a dependence of the 
f-potential on the applied field, which would show up in a variation of the 
quantity V/E, Toward this end the experiments were carried out over a 
tenfold range in the applied voltage. In figure 3 we have plotted the 
observed values of the ratio V/E si against the effective voltage Esh also 
the average values of the ratio V/E t, for all experiments at the same total 
voltage, against E t* The plot shows only a random variation in V/E si 
and only a very slight variation in V/E It is evident that in the range 
of these experiments the charge distribution in the electrical double layer 
at the glass-water interface has been unaffected by the increase in the 
strength of the external electrical field applied parallel to the interface. It 
would perhaps be more accurate to say that the highest field strengths used 

^ These do not include twenty earlier and much less reliable measurements made 
with the same slit mounted in a different apparatus (cell III, see p. 8). 
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were insufficient to effect a displacement of parts of the double layer 
which were sessile under the influence of the lowest fields. We are in- 
clined to predict, however, that with sufficiently lai^e applied electromo- 
tive force such a displacement, or slipping, might be brought about, with a 
consequent increase in the apparent value of the clectrokinetic potential, f . 

Absence of time effect in electrosmosis 

In his early experiments on electrosmosis through a glass capillary tube 
Quincke (19) noticed that the electrosmotic flow was much more rapid 
just after the apparatus had been filled than after it had stood twenty-four 
hours. He attributed this fact to slow solution of the glass, which he 
actually demonstrated to have taken place. A parallel increase in the 
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Fig. 3. Relation of electrosmotic iBow, F, to applied field, E 
TABLE 2 


Absence of time effect in electrosmosis experiments 


NO 

VOLTS 

Bo 

VOLTS 

VOLTS 

Eo/B jt < 

E gi Eo 

1 

V 

OC /SKC 

X lO-' 

v/iie, 

CC /VOLT- 
8KC 

X 10'* 

f 

MII.LIVOLTB 

22 

90 

56.7 

54 6 

0 62 

0 96 

-8 S 

0 16 

-89 3 

23 

90 

84 5 

81 4 

0 93 

0 96 

~9 6 “ 

1 

0 12 

-66 9 

Hourly change 

0 (M)()4 

0 25 


electrical conductivity of the water was found. In our own work each 
series of experiments with the same filling of conductivity water occupied 
^ interval of several hours. In order to test for a similar source of error 
in our own work the following experiment was carried out. At the con- 
clusion of experiment No. 22 the apparatus was allowed to stand without 
rinsing or refilling. At the end of ninety-one hours experiment No. 23 was 
performed, using water already in the apparatus and the same applied 
voltage. The results in table 2 show an almost negligible hourly change. 
The increase in the ratio EqIE r indicates the effect of passage of potassium 
chloride from the end electrodes into the tubes leading to the main cell; 
the constancy in the ratio E si /E q shows that the electrolyte did not reach 
the slit. 

Since examination of the results of the electrosmosis experiments fails to 
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show any regular dependence on applied voltage or conductivity of the 
water used, we shall take as the most probable values of the |’>potential 
and related quantities the mean values of all of the fifty-six experiments of 
the three series (exclusive of No. 23). These are given in table 1. The 
final value of the f-potential for the glass-water interface thus calculated is 
—92 millivolts. 

BTBBAMING POTENTIAL EXPEBIMENT8 WITH CONDUCTIVITY WATEB 

At the close of the electrosmosis experiments just described the cell and 
slit were cleaned and rinsed thoroughly. An extended series of streaming 
potential measurements was then made at different pressures with various 
lots of conductivity water of about the same specific conductance (0.5 to 0.7 
X 10~* mho per centimeter) ; one hundred thirty-five separate measure- 
ments were made in all. 


TABLE 3 


Comparison of the results obtained with the early cell and the improved cell 


CBLL 

ELSCTR0SM081S 

8TRBAM1NO 

POTENTIAL 

[8P 

ijno 

Number 
of escperi- 
mente 

Mean f 

Number 
of expen- 
menta 

Mean 



mv 


mv. 


Cell IV 

53 

1 -92 

135 

-162 

1.8 

Cell III 

20 

-68 

20 

-134 

2.0 

Both cells 

73 

1 -85 

I 155 

-158 

1 9 


This number does not include two experiments which were evidently 
unreliable, and twenty earlier measurements with the slit mounted in cell 
III. Table 3 affords a comparison of the results obtained with the early 
cell (No. Ill) and the improved cell (No. IV). 

At the beginning of each set of measurements at a given pressure a pre- 
liminary measurement was made of the rate of flow over a period of about 
two minutes. Before streaming was started again a reading was made of 
the zero point of the electrometer connected to one of the calomel end 
electrodes and to ground (the other calomel electrode being grounded). 
This reading was repeated at the close of the measurements in order to 
check the absence of any potential differences due to difference in the 
condition of the electrodes. The reading was always found to be within 
three millivolts of the initial value. Streaming was then started at the 
given pressure (always in the same direction in all experiments), and meas- 
urements of the streaming potential were made at intervals of a few 
minutes. 
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Time effect in streaming potential experiments 

The streaming potentials were found to vary erratically during the first 
few minutes of streaming, but we found on continuing the measurements 
over an extended period of time that constancy was obtained after about 
ten minutes. In computing the published mean values of our results we 
have therefore excluded all observations made during the first ten minutes 
of streaming.® The collected results are given in table 4, each value given 

TABLE 4 


Streaming potential experiments with conductivity water 


NO. 

i 

TEMP 

“C. 

tv* 

MHOS/ 

CM 

X 10» 

MHOS/ I 
CM. 

X 10« 

P 

DYNES 

V 

cc /sec 

X 10-^ 

V/P 

CM ‘ 

Es 

VOLTS 

E/P 

E 8 U 

f 

MILLI- 

VOLTS 

CM 2 

X 10 « 

DYNE -SEC 

X 10“ 

DYNEH/CM 

X io» 

34 

23 

0 53 

6 57 

2 74 

0 515 

1 88 

0 4688 

5 70 

-158 

35 

23 

0 53 

6 57 

5 60 

1 047 

1 87 

0 9026 

5 37 

-150 

36 

22 

0 48 

6 12 

2 78 

0 466 

1 68 

0 4449 

5 34 

-139 

37 

23 

0 48 

6 52 

5.62 

0 977 

1 74 

0 9702 

5 82 

-161 

39 

23 

0 66 

6 97 

51.7 

9 30 

1.80 

7 563 

4 87 

-145 

40 

22 

0 00 

6 35 

2 73 

0 474 

1 74 

0 4741 

5 79 

-156 

41 

24 

0 60 

6 17 

5 66 

1 210 

2 14 

1 1165 

6 57 

-172 

42 

22 

0 54 

6.87 

5 81 

1.15 

1 98 

1 1989 

6 87 

-200 

43 

22 

0 54 

6 03 

2.78 

0 556 

1 99 

0 5686 

6 80 

-174 

54 

23 

0 56 

5 48 

48 8 

12 56 

2 57 

12 4887 

8 60 

-204 

55 

23 

0 56 

5 48 

23 4 

5 32 

2 27 

4 5713 

6 34 

-151 

56 

23 

0 56 

5 48 

7 90 

1 92 

2 43 

1 480 

6 25 

-148 

57 

24 

0 56 

5 48 

3 21 

0 709 

2 21 

0 5771 

5 99 

-143 

61.1 

21 

0 58 

2 60 

48 90 

U 71 

2 39 

16 044 

10 95 

-120 

61.2 

21 

0 58 

2 60 

22 10 

5 32 

2 41 

6 805 

10 60 

-113 

61 3 

21 

0 58 

2 60 

7 94 

1 93 

2 43 

2 138 

8 96 

-99 

61 4 

21 

0 58 

2.60 

3 26 

0.711 

2 18 

0 8318 

8 48 

-94 

Mean 

2 08 


6 81 

-162 


*Kv and K, arc respectively the bulk conductivity of the water used, as measured 
outside of the slit, and the apparent conductivity of the same water in the slit, the 
increase being due to the surface conductivity. 


therein being the mean of from six to ten observations made during the 
next ten to twenty minutes.^ 

* Similar unexplained variations in the streaming potential have been observed 
by other experimenters. For example, Grumbach (11) was led to adopt a rule of 
selection similar to ours : ^‘Je fus amene ainsi ii m’imposer comme regie dc n’admettrc 
comme valable que Ics forces electromotrices qui demeurent fixes h pre.ssion constante 
pendant au moins 10 minutes.^' 

* As a matter of fact the average value of thus calculated from all measurements 
made after the first ten minutes of streaming (namely,— 162.2 millivolts) is identical 
with the average obtained from all measurements both before and after this ten 
minute mark (—162.0 millivolts). 
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Careful plotting of the observed values of the jB/P ratio against the 
applied pressure shows only random variation with this factor. We have 
therefore taken the mean of all determinations as representing the most 
probable value of the f-potential for the glass-water interface derived from 
streaming potential experiments. This value is — 162 millivolts. 

Streaming rate and applied pressure 

The fundamental equations of electrosmosis and streaming potential are 
derived on the assumption that the flow of liquid through the slit, capillary, 
or porous diaphragm is non-turbulent. The usual experimental evidence 
of non-turbulence in streaming potential work is a constant proportionality 
between the rate of streaming (or the streaming potential) and the applied 
pressure. The data obtained from our own experiments (table 3, column 
7) show that while the V /P ratio is satisfactorily constant in certain sets 
of measurements, it is not at all constant through the entire series of experi- 
ments. Now the rate of flow to be expected at any pressure can be calcu- 
lated by use of the following equation derived for laminar flow through a 
slit in exactly the same way as is the Poisseuille equation for a circular tube : 



where w, t, and I are respectively the width, thickness, and length of the 
slit, Ti is the viscosity of the liquid, P the difference in pressure at the ends 
of the slit, and V the flow rate in cc. per second. The value of the theo- 
retical ratio V/P in the case of our slit is 3.28 X 10~* cc. per second per 
djme per cm.^ The observed ratio in most of our experiments is less than 
this; the average value is 2.46 X 10”® in the experiments with electrolytes 
and 2.00 X 10”® with water. 

This discrepancy is in the direction to be expected if the flow was turbu- 
lent, Davies and White (6a) have established that the flow of liquid through 
a narrow slit becomes turbulent only after the mean velocity exceeds the 
limit u = 890 rj/ptf where ri is the viscosity of the liquid, p is its density, and 
t is the thickness of the slit. The flow rates in all our streaming experi- 
ments were far below the critical value, and we are therefore of the opinion 
that turbulence did not occur in the flow of water through the slit. 

The discrepancy noted forces us to suspect that the actual cross section 
of the slit, Q, was effectively smaller than that which we had calculated 
from the observed dimensions. Whether this was due to foreign intrusion 
in the slit, which resisted the repeated and thorough cleaning operations to 
which it had been subjected, or to an error in measuring the width of the 
slit (an error of about 0.0005 cm. would account for the discrepancy), we 
are unable to say. Tt is important, however, to point out (1) that all the 
f-potential values given here will be multiplied by a factor of 3.28/2.00 or 
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3.28/2.46 (1.6 to 1.3) if an empirical value of the cross section is calculated 
from the observed V/P ratios, and (2) that both the electrosmosis and the 
streaming potential f-potentials will be multiplied by the same factor since 
both sets of values depend on the cross section, Q, in the same way. The 
V/P discrepancy does not therefore invalidate our general conclusions 
regarding the relative values of the f-potential obtained from electrosmosis 
and from streaming potential experiments. 

COMPARISON OP ZETA POTENTIALS OBTAINED PBOM ELECTROSMOSIS AND 
FROM STREAMING POTENTIAL MEASUREMENTS 

The principal results of our experiments with water and with electrolyte 
solutions are summarized in table 5 for the purpose of comparison. The 
f-potentials calculated from these are plotted in figure 4. 



CONC - MICROEQUIVS. PER LITER 


Fia% 4. Comparison of electrokinetic potentials obtained from electrosmosis and 
streaming potential measurements 

The results of the experiments with conductivity water show a striking 
discrepancy in the f-potentials obtained from the two types of electro- 
kinetic measurement, the electrosmosis values (— 162 millivolts with cell IV 
and — 134 millivolts with cell III) being almost twice as great as the stream- 
ing potential values (—92 millivolts and —68 millivolts with cells IV and 
III, respectively), the differences being well outside of the experimental 
error. 

Such a difference in the f-potentials is not intrinsically a contradiction 
of the Helmholtz equations, for the following reason. These equations 
imply that — whatever the charge distribution in the electrical double 
layer — ^under the influence of an applied electrical field parallel to the wall 



IDENTITY OP ELBCTROKINETIC POTENTIALS 


557 


(electrosmosis) or of a mechanical force (streaming potential), a lateral 
displacement of a mobile part of the double layer takes place relative to a 
sessile part fixed on the wall, and that somewhere very close to the wall 
there exists a limiting plane of shear where the lateral velocity of the liquid 
with respect to the wall is zero. The difference in the electrical potential 
at this distance from the wall and that in the interior of the solution is the 
zeta potential. The f-potcntials calculated from the results of electros- 
mosis and streaming potential experiments will be identical only if the 
limiting planes of shear lie at the same distance from the wall in the two 
cases. There is no stipulation in the Helmholtz formulation that this con- 
dition shall be satisfied. 

We had indeed looked for some difference in the two f-potentials as an 
indication that the condition may actually not be satisfied. The discrep- 
ancy actually observed docs not, however, allow a definite conclusion of this 
sort to be drawn, because of a certain internal inconsistency in our own 
results. The large ratio of the {"-potentials obtained from the forty experi- 
ments with cell III corresponds, as it should, to a similar ratio of the 
quantities EjP and V jl and an equality of the observed apparent con- 
du(‘.tivities of the liquid in the slit. In the one hundred eighty-eight 
experiments with cell IV, however, we find a similar high ratio of the 
f-potentials coupled with practical equality of the ratios FjjP and F//. 
This is an apparent contradiction of the usual assumption that equality of 
ff/P and F// indicates equality of the {"-potentials. 

The discrepancy is explained when we compare the measurements of the 
iipparent slit conductivity made during the two sets of experiments and 
note that the value of observed in the streaming potential experiments 
was twice as great as that measured in the electrosmosis experiments, 
although the procedures were identical and the bulk conductivities of the 
water were practically the same in both cases.*’ Although the inconsistency 
noted robs our results of some of their theoretical import, it serves to point 
a warning that mere equality of the quantities EjF and F// does not in 
itself demonstrate equality of the {"-potentials without definite experi- 
mental i)roof that the specific conductances of the liquid in slit, capillary, or 
diaphragm are identical. 

IdentHy of ^-potentials obtained from experiments with electrolyte solutions 

The’ results of the experiments with electrolytes show on the whole that 
{"-potentials obtained from streaming potential measurements were identi- 
cal with those obtained from electrosmosis measurements. They there- 

* This increase in f with increase in the specific conductance of the slit liquid is in 
the reverse direction from the effects noted by Lachs and Biezyk (14) with con- 
ductivity water, but is consistent with the initial rise in the ^-concentration curve 
commonly observed in electrokinetic experiments. 
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fore point to the oonclusion that the applied mechanical force acting on the 
liquid in the streaming potential experiment displaces the same fraction of 
the double layer as the applied electrical force in electrosmosis acting 
directly on the charged ions in the layer. The observed equality in the 
values of t is not a fortuitous result of a particular choice of applied field 
(electrosmosis) or of applied pressure (streaming potential), since the 
f-potentials were found to be independent of these factors. 

AnomahiLS reversal of sign of the ^-potential 

The conclusion just stated rests on a comparison of the average values of 
all experiments with the three electrolytes. When we consider the indi- 
vidual experiments at different concentrations, we find random variations 
such as are generally observed in similar work. The usual valence effects 
are observable, including charge reversal in the ease of solutions containing 
the trivalent A1+++ cation. 

The most surprising result of all our work with electrolyte solutions was 
the observation that the electrosmosis and the streaming potential effects 
were of opposite sign in the measurements with 10“® N aluminum chloride 
solution; that is, the direction of electrosmosis corresponded to a negative 
f-potential (—46 millivolts), while the streaming potential corresponded to 
a positive f-potential (+32 millivolts). This was so important a result 
that in order to establish the reality of the effect we disconnected the 
pressure apparatus just after completing the streaming potential meas- 
urement and immediately made another electrosmosis measurement. 
Electrosmosis again occurred as before in the direction corresponding to a 
negative f-potential. We are therefore forced to recognize that conditions 
may exist in an electrokinetic system where electrokinetic effects may differ 
not only in magnitude but even in sign. This suggests that in the neigh- 
borhood of the electrokinetic isoelectric point, where charge reversal takes 
place, the electrical double layer may have a complex structure involving 
several layers of charge of alternately positive and negative sign, as has 
been proposed by several writers (8, 9, 17). To complete the explanation 
of the effect we have observed it is necessary to suppose that when the 
tangential mechanical force was applied to such an mterfacial layer in the 
streaming potential experiment, the limiting plane of shear (the * ‘rigidity 
boundary^^ of Mfiller (18)) lay in a different part of this complex double 
layer than when the electrical force was acting in the electrosmosis experi- 
ment. That is, the rigidity boundaries in the two experiments lay in 
regions of the double layer where the electrical potential was of different 
sign. 


SUMBIART 

1. Electrosmosis and streaming potential measurements have been made 
with an optically polished glass slit in contact with conductivity water and 
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with solutions of electrolytes of different valence types. The measure- 
ments were made over the concentration range of 10”"* N down to about 
10~® N (conductivity water), — that is, the range in which electrokinetic 
effects change most rapidly with concentration. 

2. The values of the f-potential for the glass*-water interface were 
calculated from the results of these experiments. The electrokinetic 
potentials thus obtained from the electrosmosis experiments were nearly 
identical with those calculated from the results of the streaming potential 
measurements over most of the concentration range studied. 

3. However, in the region of extremely low ionic concentrations large 
discrepancies were found. With water of specific conductance 0.6 X 10“® 
mho per centimeter the streaming potential effects were relatively almost 
twice as great as the clectrosmotic effects. The interpretation of the 
results, however, is complicated by the discrepancy in the observed values 
of the apparent specific conductance of the liquid in the slit. 

4. With aluminum chloride solution of concentration 10“® N a remark- 
able result was obtained when it was observed that the electrokinetic 
effects of electrosmosis and of streaming potential were of opposite sign, 
the values of the f-potential being respectively —46 millivolts and +32 
millivolts. The two experiments were made in immediate succession 
without any reasonable chance for a change in the structure of the electrical 
double layer. 

We wish to acknowledge with thanks the grant of funds by the American 
Association for the Advancement of Science for the purchase of the Comp- 
ton electrometer used in this work. 
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INTRODUCTION 

Attempts to measure the physical properties of flour doughs were mad(» 
by Kosutdny (4) as early as 1907. This author pulled out a cylinder 
of flour dough at a constant rate, and measured the stress build-up.^ 
Although not clearly distinguishing between viscous and elastic properties, 
the author's interpretation of his data points clearly to a number of the 
conclusions reached in the present work. 

It is curious that this valuable work, in which Kosutdny came so near 
to separating and measuring specific physical properties, should have lain 
fallow for so many years. From 1907 to 1932 work on the physical 
properties of flour doughs was confined almost entirely to the production 
of instruments measuring a complex mixture of properties, which, although 
in some cases of real value in the bread-making industry, threw little or 
no light on the physical nature of the problem. In 1932-33 three papers 
were published by Schofield and Scott Blair (8), in which certain of the 
physical properties of doughs were separated and independently measured. 
For the sake of convenience these papers will be referred to as I, II, and III. 

In paper I it was emphasized that flour dough belongs to a group of 
materials in which a high degree of plasticity is combined with considerable 
elasticity. When under stress the relative amounts of plastic (non- 

By mutual agreement the authors* names are in alphabetical order and no 
seniority is implied. 

* Terzaghi (9) develops very similar ideas. The constant which he calls * ‘degree 
of elasticity** (p. 79) is closely connected with relaxation time (vide infra). 
Terzaghi*s work refers to soils and clays, but their behavior is in some ways strik- 
ingly similar to that of flour doughs. See also a recent paper by M. P. Wolarowitsch 
and K. I. Samarina (10) dealing with some physical properties of flour doughs. 
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recoverable) and elastic (recoverable) deformation depend on the time 
of dmation of the stress. An extended significance was given to Maxwell's 
relaxation time, so that the equation 

tr “ i?/n 

in which U = relaxation time, 97 = viscosity, and n = shear (rigidity) 
modulus,* could be applied to a material such as flour dough, in which 
neither 97 nor n is a constant. 

It was found that 97 and U decrease with increasing stress and increase 
with increasing deformation. Fall in viscosity with increasing stress is 
a phenomenon well known in many colloidal systems, and has been called 
^‘structural viscosity" (6). Increase in viscosity with increasing strain is 
a common characteristic of metals, and is called “work-hardening." 

In paper II, these two properties were more fully studied by observing 
the rate of shear of cylinders of dough hung vertically, and allowed to 
elongate under the action of gravity (the method of rheograms). 

The Maxwell equation could only be tested satisfactorily after the most 
suitable value of modulus to use in calculating viscosities from relaxation 
times was known. Experiments to decide this point were described in 
paper III, and agreement was found to be as satisfactory as could be 
expected when the best value for the modulus was used. These experi- 
ments also made it clear that dough shows two other properties charac- 
teristic of metals, namely, elastic hysteresis and elastic after-effect. 

The former causes the rigidity modulus to fall slowly as stress is raised, 
and also as stress is lowered, but at the point at which the sign of dS/df 
changes,^ the modulus increases abruptly. The latter means that elastic 
deformations are not recovered instantly, so that unless time is given for 
slow recovery to take place, certain deformations will be regarded as 
permanent which are in reality recoverable. This would lead to con- 
siderable errors in determining viscosity and modulus (see experimental 
section). In view of the partial understanding which this treatment had 
already given, it seemed advisable to investigate further the relationship 
between these fundamental phjrsical properties, and those qualities of the 
dough which are of importance in the bread-making industry. For this 
purpose the Physics Department of the Rothamsted Experimental Station 
and the Research Association of British Flour Millers decided to cooperate 
in the further study of the problem. 

* Note that for flour doughs, Poisson’s ratio being 0.5, we can assume the rigidity 
modulus to be equal to one-third of Young’s modulus. The shearing stress likewise 
is one-third of the loading stress. In the present paper, the term '^rigidity modulus” 
is often abbreviated to ^'modulus,” sinoe no other modulus is discussed. 

^ Where 8 is shearing stress and i the time. 
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The general principles have now been elucidated, and although much 
detail requires yet to be filled in, the present paper gives a description of 
the conclusions to date. 


EXPERIMENTAL 

By far the most serious difficulties that have been encountered were 
those associated with the reproducibility of measurements on different 
test pieces from the same dough. In papers I, II, and III accurate replica- 
tion on different test pieces was not attempted, and although the phe- 
nomena described could be repeatedly observed, it was realized that no 
fully satisfactory technique existed for such replication. In the course 
of the present investigation much time has been spent in developing such 
a technique, and the method finally adopted has proved on the whole to be 
satisfactory. 

TABLE 1 


The effect of mixing on the viscosity and modulus of the dough 


1 

TIME OF MIXING 

TIME OF REBTING 
AFTER MIXING 

visrosiTY* 

MODULUS* 

minutes 

3 

minutes 

0 

6.38 X 10® 

4 29 X 10^ 


30 

4 92 X 10® 

3.94 X 10® 


60 

4.04 X 10® 

3.73 X 10® 

12 

0 

2 92 X 10® 

3 02 X 10® 


30 

3.55 X 10® 

3.41 X 10® 


60 

3 51 X 10® 

3 50 X 10® 


• All data for viscosities (i?) and moduli (n) in this paper are given in c.g.s. units, 
but it must be borne in mind that they refer only to arbitrary fixed conditions of 
stress and strain. 


It is necessary to make as homogeneous a dough as possible, and it has 
been found that machine mixing of the flour and water gives the most satis- 
factory results. The longer the time of mixing, the more homogeneous 
is the finished dough, but excessive mixing has a very marked effect on 
the dough's physical properties. 

From the data in table 1 it can be seen that excessive mixing considerably 
lowers the viscosity and modulus of the dough, but that these increase 
again on resting. Such treatment, however, permanently lowers the tensile 
strength of the dough. 

It will be shown later that the general tendency on aging a dough is for 
the viscosity and modulus both to fall. It is only after prolonged mixing 
that the opposite effect more than compensates for this fall, producing a 
net rise in ]^th properties. Thus it appears in table 1 that after 3 min- 



564 


P. HAITON AND O. W. SCOTT BLAIB 


utes mixing, th4 effect of standing is the opposite of that produced by 12 
minutes mixing. 

The sample of dough is transferred from the mixer to a “gun,” consist- 
ing of a hollow metal cylinder, 5 cm. long and 2.5 cm. in diameter, fitted 
with a plunger. To the bottom of the cylinder is fitted a solid piece of 
metal drilled with a hole 3.5 cm. long and 0.5 cm. in diameter. This first 
gun, into which the dough can be placed by means of a spatula, thus avoid- 
ing handling it, is too big to fit conveniently on to the apparatus, and 
therefore the extendec^ dough cylinder is squeezed straight into a second 
smaller gun 15 cm. long and 1 cm. in diameter, which is fitted with an 
end piece similar to that of the first gun. The dough is forced from this 
second gim straight on to the surface of a bath of mercury. 

Statistical analysis’ showed that there was no greater error in comparing 
test pieces from different doughs than in comparing pieces from the same 
dough. It thus appeared that the chief source of error lay in the method 
of preparation of the test pieces. It was found that the force applied to 
the guns very largely affected the physical properties of the prepared 
dough cylinder. A system of pulleys and weights was therefore used for 
manipulation of the guns, and, provided that the weights were small, we 
found very little alteration of the properties of the doughs. The impor- 
tance of a carefully standardized use of these guns cannot be too strongly 
emphasized. 

During extrusion the dough cylinder swells, this swelling being in general 
greater for good than for poor quality flours. The exact connection, how- 
ever, is not clearly understood. 

The dough cylinders have been examined by the two general methods 
described in papers I, II, and III, namely (a) rheograms, and (b) the 
mercury trough extensimeter, but the technique of the latter method has 
been extended and developed. 

(o) The rheogram method. This method has been further developed 
and has now reached a stage at which the results are excellently repro- 
ducible, and, although not free from errors, it provides the most satis- 
factory way at present available for separating the effects of work-harden- 
ing (rise in viscosity with rising strain) and structural viscosity (fall in 
viscosity with rising stress) . 

In most doughs these two properties appear, under the conditions of the 
rheogram experiments, approximately to cancel out. Without commit- 
ting ourselves to any assessment of the degree of accuracy of individual 
samples, an examination of the data obtained from a study of some sixty 
doughs made from a series of twenty different flours, leads to the con- 
clusion that certain flours tend to show higher or lower degrees of work- 

' Our best thanks are due to Mr. F. Yates of the Rothamsted Experimental Sta- 
tion Statistical Department for doing this analysis. 
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hardening than others, and that this property generally persists when 
different amounts of water and times of aging are used. Such differences 
do not, however, correlate directly with flour quality, and we conclude 
that weakness in a flour due to an unsuitable degree of work-hardening 
is the exception rather than the rule. 

Certain practical difficulties are encountered in using the rheogram 
technique in the case of sticky doughs, and doughs of poor tensile strength. 
Moreover, both viscosity and rigidity modulus can be calculated from 
a single test on the extensimeter (vide infra); therefore the rheogram 
method was not employed further in this investigation. 

(b) The extensimeter. This instrument, which is an improved model 
of the extensimeter described in papers I and III, is shown diagram- 
matically in figure 1. 

A dough cylinder A, about 10 cm. long by 0.7 cm. in diameter, made as 
described above, is floated on a mercury bath. The ends of this cylinder 
are connected by means of cork “chairs^’ and cotton threads to two small 
scales B, which are observed through low-power microscopes, C. The 



Fig. 1. The mercury bath extensimeter 


smallest divisions on the scales are 0.013 cm. in length, and readings to 
one-tenth of this can be estimated with a fair degree of accuracy. To one 
scale is fastened a steel spring D, the other end of which is securely attached 
to the framework of the apparatus; the other scale is connected by cotton 
to a small winch (E), which can be wound either by hand or by a small 
motor. 

During experiments the dough is protected by a cover, the felt lining 
of which is damped to provide a humid atmosphere to prevent drying out 
of the dough surface. 

When the winch (E) is wound up, the dough and scales are moved to the 
left, and this extends the spring D. The dough is therefore subjected 
to a stress, the value of which is proportional to the extension of the spring, 
and inversely proportional to the cross section of the dough cylinder. 
The spring is calibrated by noting the extension caused by hanging weights 
of various sizes from it when placed in a vertical position. The diameter 
and initial length of the dough cylinder are measured with calipers. 

In order to measure viscosity, which is defined (see paper I) as the ratio 
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of shearing stress to velocity gradient (i.e., rate of change of non-recoverable 
strain), we can either fix the rate of change of strain and measure the stress, 
or fix the stress and measure the rate of change of strain. The latter 
has in practice been found to be by far the simpler method to use, and 
has been the basis for most of the experiments described in this paper. 

Before doing an experiment, the necessary deflection of the spring to 
give the desired stress is first calculated from a knowledge of the constant 
for the spring and the cross section of the dough cylinder. The winch 
is then rapidly wound up until the shift in the scale attached to the 
spring corresponds to this required stress. For ordinary purposes we 
worked with an arbitrary tensile stress of 1500 dynes per square centi- 
meter (shearing stress 500 dynes per square centimeter). 

Under stress the dough cylinder extends, and for five minutes this exten- 
sion is taken up by slowly winding the winch so that the deflection of the 
right-hand scale is kept constant. By this means the stress is kept almost 
constant, the rise in stress with slight thinning of the dough cylinder not 
being generally great enough to introduce any serious error, especially 
when relative, rather than absolute, viscosities of doughs are required. 

By measuring the extension at minute intervals it would appear that the 
mean viscosity for each minute could be determined, and from this an 
indication of the amount of work-hardening (i.e., change in viscosity 
with strain) assessed. This is not, however, practicable, since elastic after- 
effect is taking place during the whole process (see introduction). 

The stress is released at the end of the five minutes and the dough 
allowed to relax until no further change in length takes place (this takes 
about three to five minutes). The difference in the length of the dough 
cylinder before any stress is applied to it and at the end of relaxation 
gives a measure of the non-recoverable strain caused by the stress acting 
for five minutes.* From this a mean viscosity can be determined by 
dividing the non-recoverable strain per unit time into the stress. This 
is free from errors due to elastic after-effect. 

The amount of recoverable or elastic deformation is obtained by noting 
the change in length of the dough cylinder between the time of releasing 
the stress and the end of relaxation. The value of the shear modulus 
which is given by the ratio 

change in shearing stress 
change in recoverable strain 

* Strictly speaking, the strains should be calculated from log,i/{o, as in the rheo- 
gratn calculation, but for the small strains used the method described here is 
adequate. 
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is a mean value for a change in stress from 500 to 0 dynes/ the modulus 
falling progressively during the lowering of the stress due to elastic hystere- 
sis (see introduction). 


Effect of temperature 

Experiments have shown that the viscosity of a typical dough falls 
by about 10 per cent per degree Centigrade rise in temperature and the 
modulus by about 5 per cent. This makes it desirable to exercise careful 
control over the temperature. The extensimeter is not easily thermo- 
stated, and, moreover, the processes of dough preparation should also 
be carried out at a constant temperature. It would thus be best to carry 
out all measurements in a constant temperature room.® 

Although a suitable constant temperature room has now been built, 
the fact that it was not available for the earlier work meant that wc could 
only make direct comparison between results obtained over periods during 
which laboratory temperature did not fluctuate very widely, and in conse- 
quence we have had to forego making as full use of our data as we should 
otherwise have been able to do. Further, since the viscosity falls about 
twice as fast (with rise in temperature) as does the modulus, it is clear 
that the all-important® viscosity modulus ratio (relaxation time) is higher, 
the lower the temperature. This supports the view held by some bakers 
that dough should be fermented and put into the oven at as low a tempera- 
ture as is consistent with the satisfactory working of the yeast. 

The temperature coefficients also vary with the age of the dough, and 
it is thus clear that the temperature at w hich it is aged plays an important 
part in defining its physical properties at any given time, and hence in 
determining the quality of the resulting bread. Further experiments are 
needed to explore this field. 

WATER ABSORPTION 

When determining the value of a flour in the bakehouse the first step 
is to turn it into dough by mixing with water and other ingredients. The 
baker does not use a constant ratio of flour to water for all samples, other- 
wise some of his doughs would be too soft and sticky, while others would 
be too tough, extremes of condition which not ofily cause serious diflScul- 
ties in the handling of the doughs, but which do not result in bread repre- 
sentative of the value of the flour. In view of this, the baker varies the 

’ The stress is never allowed to fall quite to zero, owing to the necessity for 
keeping the cotton taut, but the final stress is very small, and is the same in all 
experiments. 

* Care must be exercised to ensure proper ventilation and so prevent the danger 
of mercury poisoning (see Stock (9)). 

® See later, under the section headed “general considerations. “ 
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amount of water he adds to each flour so that his doughs are ea^ to handle 
and in general bake into as good quality bread as his various flours are 
capable of making. 

We are therefore faced with the problem of determining the significance 
of this optimum amount of water, or “water absorption” as it is called in 
the bakehouse, and also with the necessity of deter m ini n g some method 
whereby it could be fixed. In assessing water absorption the baker relies 
on his sense of touch, and one of the impressions which helps in his judg- 
ment of correct absorption is the extent to which the dough sticks to 
his hands. 

It appeared to us that the baker made up his doughs so that the sticki- 
ness was just short of being a trouble, and on this assumption we based our 


TABLE 2 

Effect of water content on viscosity and modulus of flour doughs 


FLOUB 


WATBR CONTENT 


- 1 gal. 

- i gal. 

Normal 

+ i gal. 

+ 1 gal. 

No. 1 Manitoba: 






Viscosity (X 10«) 

10.0 

7.5 

5.8 

4.8 

4 1 

Modulus (X 100 

4 1 

3.6 

3.1 

2.6 

2 1 

Barusso Plate: 






Viscosity (X 10®) 

15 0 

8 3 

5 7 

4.4 

3.5 

Modulus (X 100 

4 6 

4 0 

3 4 

2 8 

2.2 

Australian : 






Viscosity (X 10®) 

7.5 

4 8 

3 5 

2 8 

2.3 

Modulus (X 100 

5 5 

4 6 

3 6 

2.6 

1.6 


Normal absorptions: No, 1 Manitoba, 15.6 gals, per sack; Barusso Plate, 15.3 
gals, per sack; Australian, 14.0 gals, per sack. 


first attempt to connect water absorption with a physical property, so 
that by the measurement of the latter we could fix the former. 

Measurements of stickiness were made by measuring the force required 
to overcome the adhesion of a metal weight to the surface of a dough. 
The method used was a modification of those proposed by Kachinski (3) 
and others (1, 2, 5, 7) for measuring the stickiness of soils. It has, how- 
ever, not been possible to make the measurements reproducible enough to 
use as a means of assessing water absorption. 

The connection between water content and two other physical proper- 
ties, namely, viscosity and rigidity modulus, was next investigated. 

For this a series of flours was obtained, and from each flour several 
doughs were made containing different amounts of water. The data 


io For experiments on the psychological aspect of stickiness, see Zigler (12). 
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obtained by measuring the viscosities and moduli of the doughs made 
from three of these flours, a No. 1 Manitoba, a Barusso Plate, and an 
Australian are given in table 2. 

Each flour was examined at the absorption chosen in the bakehouse 
which we have called “normal,” and at four other water contents gal- 
lon and ztl gallon per 280-lb. sack of flour.^^ Each dough was fermented 
for four hours, at the end of which time samples were taken for viscosity 
and modulus measurements. In figure 2 curves are drawn showing the 
relationship between these two properties at each of the five water con- 
tents for each of the three flours. 



An examination of these curves shows that with each flour both viscosity 
and modulus fell with increasing water content and vice versa. The 
relative effects on these two properties were not the same, and differed 
from flour to flour. The effects of a change of 2 gallons in water content 
on viscosity and modulus are given in table 3, the figures representing the 
difference in values for the driest and wettest doughs expressed as a 
percentage of the average. 

These figures show that the effect both on viscosity and modulus was 
least in the case of the Manitoba, which is in keeping with the experience 

One gallon per sack « 3.57 per cent on the flour. 
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of the baker that this type of florir has a much greater tolerance to changing 
water content than any other. The Plate flour differed from the Manitoba 
chiefly on account of the much greater effect of changing water content 
on viscosity, while in the case of the Australian both viscosity and modulus, 
and particularly the latter, were more markedly affected than in the case 
of the Manitoba. It is probable that a big upward change in viscosity 
with decreasing water content is of much less account in the bakehouse 
than a big increase in modulus, as the latter would make the doughs “dead” 
and lifeless (see later). 

The three doughs of particular interest are the “normal” doughs, and it 
will be noticed that these doughs differed very considerably in viscosity, 
but only to a small extent in modulus. It is probable that the baker is 
unconsciously more influenced in choosing his water absorption by the 
moduli of his doughs than by their viscosities, and in consequence we 
may be able to use measurements of the former property as a means of 
determining correct water absorption. This point, however, needs much 
further investigation before it can be settled. 

QENEBAL CONSIDERATIONS 

Although it is quite possible to make a dough from any flour whatsoever 
so that it shall have any desired viscosity or modulus (within wide limits), 
by using the appropriate amount of water, it is well known that a poor 
flour cannot by any such means be made to give a dough of satisfactory 
plastic and elastic properties. The reason for this is clearly seen from 
table 3. It is here apparent that if a “strong” flour dough (Manitoba) 
is compared with a “weak” (Australian) at the same viscosity, the modulus 
of the strong flour is much lower than that of the weak. If the comparison 
is made at the same modulus value, the strong flour has by far the greater 
viscosity. The intermediate Plate flour falls between the two extremes. 
This suggests that the relaxation time (ij/n, see paper I) is of primary 
importance. This suggestion has been amply verified. It is, of course, 
clear that we cannot regard relaxation time as a constant of a dough, since 
it varies with both stress and deformation, but it has become increasingly 
evident during the course of this work that if doughs are compared under 
similar conditions of stress and strain, and if these conditions approximate 
as closely as possible to those obtained in the commercial dough, a com- 
parison of relaxation times (“viscosity-modulus ratios”) gives a primary 
measure of the differences in flour quality (although as is shown later, 
many other factors have to be taken into consideration as well). In 
paper I it is suggested that “the dough contains elastic elements which 
form a connected structure . . . (which elements) are not joined securely, 
but slide past one another whenever a sufficient stress is operative. The 
viscosity which has been determined is mainly governed by the behaviour 
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of a plastic film by which the elastic elements are connected. It is quite 
possible that the elements are capable of complete elastic recovery, but 
there is at present no criterion for testing this. The time of relaxation 
is a characteristic of the connected structure as a whole and its value is as 
much determined by the elasticity of the elements as by the viscosity 
associated with their plastic junctions. ... In relating these deductions 
to the known structure of the dough, one may safely identify the elastic 
elements with the protein part of the flour.^' 

When a dough rises under the action of yeast, it is advantageous for 
as high a percentage as possible of the deformation to be elastic (recover- 
able). Non-recoverable deformations imply flow of the cell-walls, leading 
to their rupture, and collapse of the dough due to inability for it to hold 
its shape, resulting in a loaf having large and badly shaped holes, a poor 
volume, and bad over-all shape. Big elastic extension resulting from low^ 
modulus tends to produce a big rise w^hen the dough is first placed in the 
oven, and hence big loaf volume. 


TABLE 3 

Effect of change in water content 



MANITOBA 

PLAT® 

AVSTKALIAN 

Viscosity 

83 

124 

106 

Modulus. .... 

04 

70 

105 


The property by which an extended dough on release recovers a high 
percentage of its extension, is called by bakers “spring.^' It is clear that 
the extent to which the dough fails to return to its original length after 
such an extension will depend on how far the elastic elements have slipped 
past one another. This depends on the amount of friction between them, 
which, as we have seen, corresponds to the viscosity of the dough (as 
normally measured) . The higher the viscosity, the less the slippage. But 
the amount of slippage depends not only on the viscosity, but also on the 
internal stress set up in the elastic elements. If we think of these as 
coiled springs, it is easy to see that the ‘‘lighter^^ the springs (i.e., the 
lower their moduli), the less stress will be built up for any given extension, 
and hence the less will be the slippage for a given viscosity. Thus a dough 
showing good “spring’^ will have a relatively high viscosity and low modu- 
lus, whereas a dough having bad spring will have a relatively low viscosity 
and high modulus. 

It is now clear why the baker attaches so much importance to “spring* ' 
in his doughs. Good spring means a high viscosity modulus ratio (big 
relaxation time), and, as already stated, this is (other things being equal) 
the primary characteristic of a good flour. 
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It is pertinent to enquire as to the significance of the extent of the varia- 
tion of viscosity and modulus with stress, strain, and stress history for 
different flours. Experiment has shown that even widely different flours 
show a very similar degree of elastic hysteresis, and no marked differ- 
ences in their elastic after-effect behavior. As explained in paper III 
elastic after-effect is important in that unless attention is paid to elimi- 
nate its effect, it is liable to interfere seriously with the correct deter- 
mination of viscosity. 


TENSILE STRENGTH 

In the bakehouse occasional doughs are encountered which “tear” badly 
during the baker’s manipulation and during the rising of the doughs under 
the pressure of the gas generated inside them. Such doughs are said 
to be “short” and bake into unsatisfactory bread. Owing to the tearing, 
excessive gas leakage occurs which results in poor loaf volume, and the 
actual tearing gives the outside of the loaf a ragged appearance. In addi- 
tion, the insides of such loaves easily crumble when pressed with the fingers. 
It thus appears that for such flours tensile strength is also a factor of 
major importance. This property is now being investigated. 

AGING AND FERMENTATION OP DOUGHS 

In the process of bread making the doughs are kept for some hours 
before baking into bread. Not only do their handling properties depend 
on the length of this period, but the type of bread also shows considerable 
variation. 

In order to determine the changes with age in the physical properties 
of such doughs, and to find what connections exist between these changes 
and bakehouse behavior, a series of flours was obtained which had been 
previously examined by the baker. The doughs were made up with the 
same ingredients as had been used in the bakehouse and were kept at 
27“C., samples being taken at hourly intervals for viscosity and modulus 
measurements, which were made at room temperature. 

The data obtained on four of these flours, a No. 1 Manitoba, a No. 3 
Manitoba, a Barusso Plate, and a South Australian, are given in table 4, 
and curves drawn from these data are given in figures 3, 4, and 6. 

It will be noticed that no data are given for freshly made doughs. 
This is because of the difficulty of obtaining reproducible measurements 
on them. Rapid changes take place during this initial period and are 
probably connected with the rate of absorption of water by the flour. 
After one-half to one hour these effects disappear, and the physical proper- 
ties then change in a normal and regular fashion. 

In the case of the above four flours, the changes in physical properties 
were almost linear functions of time. 
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TABLE 4 


Effect of fermentation on viscosity y modulus y and the rt/n ratio 
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The data given in table 5 have been obtained from the curves (see 
figures 3, 4, and 6). An examination of the data shows that both vis- 
cosity and modulus fell with time of fermentation, and that in the case 
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of each flour the viscosity fell more rapidly than the modulus, resulting 
in the ratio of these two properties also falling with increasing time. 

In attempting to correlate these changes with the changes which took 
place in the handling properties of the doughs in the bakehouse, we were 
at once confronted with the fact that the baker reported that the No. 1 
Manitoba dough improved in body and spring as fermentation progressed, 
that the Plate remained unchanged, and that the No. 3 Manitoba and 
Australian doughs became softer with increasing time. 

TABLE 5 


Change in physical properties with time 


FLOUK 

VISCOSITY AT 

ACTUAL 

l>KCtt£AHl£ 

PEHCBNT- 

AllR 

DECREASE 

Ist hr. 

7th hr 

No. 1 Manitoba 

4 05 X 10« 

3 17 X 10® 

0.88 X 10® 

22 

No. 3 Manitoba 

3 01 X 10« 

1 83 X 10® 

1 18 X 10“ 

39 

Plate 

3 37 X 10« 

2 12 X 10® 

1 K X 10« 

37 

Australian 

2 84 X 10« 

0.77 X 10* 

2 07 X 10® 

i 

70 

FLOUR 

MODULUS AT 

ACTUAL 

PERCENT- 

AGE 


let hr 

7lh hr 

DECREASE 

DECREASE 

No. 1 Manitoba 

3 19 X 10‘ 

3.05 X 10^ 

0.14 X W 

4 

No. 3 Manitoba 

2 66 X 10< 

2 04 X 10< 

0 62 X W 

23 

Plate 

3 62 X 10^ 

2 55 X 10^ 

1.07 X W 

30 

Australian 

3 23 X 10^ 

1 87 X 10^ 

1 36 X 10^ 

42 


FLOUR 

VISCOSITY-MODULUS RATIO AT 

ACTUAL 

DECREASE 

PERCENT- 

AGE 

DECREASE 

Ist hr 

7 th hr 

No. 1 Manitoba 

127 

104 

23 

18 

No. 3 Manitoba 

123 

89 

31 

28 

Plate 

94 

87 

7 

7 

Australian 

79 

48 

31 

39 


This improvement or toughening is associated by bakers with good 
quality. Several flours which have shown this response to fermentation 
in the bakehouse have been examined in the laboratory, and in eveiy^ 
case both viscosity and modulus have been found to decrease with aging; 
in fact, no flour has yet been examined which showed a rise in either 
property during fermentation. It has been noticed, however, that those 
flours w^hich have been reported as toughening in the bakehouse, were 
those which show'ed the smallest fall-off in physical properties when 
examined in the laboratory. 

In the actual stretching of the dough during hand manipulation by the 
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baker, dough does toughen, “ but this happens with all flours, and in 
addition the effect disappears on resting. The toughening the baker 
spefdcB of in connection with good quality flours only, is considered by him 
to be due to the action of fermentation. 

Careful tests have now been carried out in the bakehouse in which 
freshly made doughs were compared with fermented doughs made from 
the same Manitoba flour, which the baker considered had toughened. 
When the doughs were moulded side by side, one in each hand, and then 
allowed a few minutes to rest, it was reported by the baker that when 
tested by “feel” the older dough was very slightly the softer. It thus 
appears that bakers have been mistaken in their impressions that certain 
doughs toughen during fermentation. 

When a series of replicate doughs is made from the same flour and 
allowed to ferment for varying times, it is found that with increasing time 
the volume and crumb quality of the bread at first improves, and then 
falls off. This improvement is considered by the baker to be due to what 
is called the “ripening” of the dough, the actual time to obtain maximum 
improvement varying with the amount of yeast, and with the type of flour 
used. “Strong” flours like Manitoba require much longer fermentation 
for optimum results than “weak” flours like English or Australian. In- 
creasing the amount of yeast in the dough decreases the time of ripening. 

Since viscosity, modulus, and relaxation time all fall consistently as 
the dough ages, it is diflicult to explain the initial improvement in bread 
quality with time of fermentation in terms of the changes taking place in 
these physical properties. 

The decrease in rigidity modulus with time is in itself desirable, but since 
it is the ratio of viscosity to modulus which is of primary importance 
in determining flour quality, the general result would be expected to be 
a fall-off, and not an improvement in bread quality. Also, if a fall in 
both of these physical properties were desirable, then a similar improve- 
ment in bread quality to that which takes place with fermentation could 
be brought about by using more water in the dough. This is not so, 
and even when the baker adds too much water to the flour, he still gets an 
improvement in bread quality with increasing fermentation time. 

Although this improvement or “dough ripening” may be partly due 
to changes taking place in some physical property other than viscosity or 
modulus, it is possible to account for it on purely mechanical lines. Before 
a good loaf can be made, the necessary cell structure has to be built up in 
the dough, and this cell structure must be determined by the number and 
distribution of the yeast cells. Now normal bakehouse mixing is com- 
paratively crude, and in consequence this distribution is probably anything 


See paper II, figure 6. 
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but uniform. Owing to the activity of the yeast, however, the dough 
swells, and this probably helps to spread the yeast cells. In addition, at 
various stages of fermentation, the baker knocks the gas out of the dough 
and moulds it up, thus again helping towards more uniform distribution. 
During fermentation the yeast cells multiply, and thus as time goes on 
the gas-producing centers increase in number. 

If the above picture is correct, and it is the building up of the necessary 
cell structure which determines how much fermentation is required for any 
flour to give its best bread, then it should be possible to cut down this 
time by the use of more yeast and/or thorough mixing. That this is so 
is well known, and it has moreover been verified experimentally by us. 

During fermentation we therefore have two processes going on side by 
side, an improvement due to the multiplication and better distribution 
of the yeast, and a falling-off in bread-making quality due to the decrease 
in value of viscosity and relaxation time. The improvement due to the 
yeast appears to be comparatively independent of the physical properties 
of the dough. With a good quality flour such as Manitoba, the fall-off 
in physical properties is so slight that good bread is produced over a large 
range of time, while on the other hand the fall-off in physical properties is 
so great with a poor quality flour like English, that the best bread is pro- 
duced early, and is followed by a rapid fall-off in quality. 

Returning to the data in table 5, the No. 1 Manitoba had the highest 
initial viscosity and showed the smallest decrease in this property with 
time. This flour also had the highest viscosity-modulus ratio either after 
one or after seven hours. This is all in keeping with the general quality 
of the flour as shown in the bakehouse, where it behaved as by far the best 
of the four. 

The No. 3 Manitoba, however, had a much lower initial viscosity and a 
much greater fall in this property with time. This low viscosity was 
accompanied by a low modulus, so that the initial value of the ratio of these 
two w^as high, although it fell considerably with time. This flour was not 
up to standard for its grade, and although it produced bread of excellent 
volume (low modulus) the best loaf was ‘‘thrown^' relatively early, and 
the later loaves had much poorer ‘‘crumbs,'^ owing to the fall in viscosity. 

The Plate flour had a much higher viscosity than the No. 3 Manitoba 
throughout the seven hours, but this was accompanied by a rather high 
modulus. The ratio was lower than that for the No. 3 Manitoba at the 
beginning of fermentation, but decreased very little, so that at the later 
times the two flours approached one another in this respect. The Plate 
w’as a very good sample for its grade and gave its best bread late. The 
bread was of good volume, and would probably have been better if the flour 
had been given more water at dough making. By increasing the water 
content, however, the viscosity would have been lowered, so that although 
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the best bread would probably have had greater volume, it would have 
been made earlier, and might have had a poorer crumb structure. 

The Australian flour with its low initial viscosity, low viscosity-modulus 
ratio, and considerable fall in both with time, would be expected to be 
much the poorest flour of the four, and this was found to be so in the 
bakehouse. 

So far we have only dealt with doughs containing yeast. This ingre- 
dient is necessary to produce the gas which builds up dough structure, 
but has it any other function in bread-making? 

Tests have been carried out in which the physical properties of doughs 
with and without yeast have been compared. The general results of these 
tests show that in small amounts such as are used in commercial bread- 
making, the effect of the yeast on the viscosity and modulus of the dough 
is probably not great enough to be of importance in the bakehouse. Very 
large amounts of yeast do affect viscosity, for example, in one case 8 per 
cent yeast lowered the viscosity from 3.6 X 10* to 2.9 X 10*. The effect 
on the modulus and on the rate of change of either property with age of 
the dough was, however, insignificant. 

CONCLUSIONS 

1. Viscosity and rigidity modulus appear to be of major importance. 
The viscosity must be high enough to prevent undesirable flowing-out 
of the dough, but on the other hand the modulus must be low, to allow 
big elastic expansion under the relatively low pressure of gas inside a fer- 
menting dough. The relaxation time (which is the ratio of these two 
properties) is perhaps the most important single criterion of quality. 

2. The water content of a dough determines the magnitude of its vis- 
cosity and modulus, and it is desirable that variations in water content 
should have as small an effect on these properties as possible, thus helping 
towards making the flour more fool-proof in the bakehouse. Whether 
water absorption is important m other ways, apart from financial con- 
siderations to the baker, is not known. 

3. The degree to which viscosity and modulus change during the aging 
of the dough is of the utmost importance. The fall in viscosity with 
time is probably a major factor in determining the fermentation toler- 
ance of a flour, and not only is the absolute rate of fall of this property 
important, but equally so is its relative rate compared with the rate of fall 
of modulus, since this determines the fall in relaxation time. 

4. Tensile strength is a major factor in determining the extensibility and 
gas-holding properties of a dough, and this is of the utmost importance, 
since a deficiency in these properties ruins the quality of a flour even when 
other factors are up to standard. 
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6. Stickiness is important in affecting the dough's handling properties; 
the dough must not be too sticky to work over that range of moisture best 
suited to its other properties, nor should excessive stickiness develop 
during fermentation. 

6. It is realized that such properties as work-hardening, structural 
viscosity, elastic hysteresis, and elastic after-effect must play their parts 
in determining the behavior of dough in the bakehouse, but although 
their significance is not yet fully understood, it is certain that they are 
only of secondary importance in determining the relative values of dif- 
ferent flour samples except perhaps in certain abnormal cases. 

7. It is considered that measurements of the physical properties of 
doughs, as far as possible in absolute units and under standard reproducible 
conditions, should lead to a far better appreciation of flour quality than 
any number of empirical tests, and should afford a sound basis for the 
control of quality in flour. 


SUMMARY 

Methods described in earlier papers for measuring the viscosity and 
rigidity modulus of flour doughs have been extended and developed. 

The physical properties of dough are markedly affected by excessive 
handling, either during the preparation of the dough itself or during the 
preparation of the test piece. The methods used have therefore to be 
carefully controlled. 

Viscosity and modulus measured under standard conditions of stress 
and strain both decrease with increasing water content or with increasing 
age of the dough. 

Good bread-making quality is associated with a relatively high viscosity 
and low modulus; the relaxation time, i.e., viscosity-modulus ratio, there- 
fore appears to be the chief single criterion of quality. 

Yeast in small amounts has little effect on viscosity or modulus, and 
its importance in bread-making appears to be entirely due to its gas- 
producing activities. 

Tensile strength is a major factor in determining the extensibility and 
gas-holding properties of a dough, but work on this property is still at too 
early a stage to be discussed. 

Stickiness is an independent property which can be roughly measured. 
Its principal importance lies in its effect on the handling properties of 
the dough. 

The investigations have proceeded far enough to show definite relations 
between the physical properties of flour doughs and their bread-making 
qualities. It is suggested that it is along these lines that further insight 
into the nature of flour quality will be obtained. 
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This field has been ably reviewed by Johnson and Meyer (7), Johnson 
and Fernelius (6), Kraus (8), and Franklin (4), so that references to the 
literature need not be cited here. The experimental data of liquid am- 
monia solutions of metals is explained by a theory — namely, the dissociated 
metal theory — ^which we consider open to question. In liquid ammonia 
some metals, lithium, sodium, and potassium in particular, are claimed to 
dissociate to give a metallic cation and an electron which is solvated in 
dilute solutions. In more concentrated solutions even the existence of 
free electrons is claimed to account for the enormously low resistance of 
the solutions. The theory may be summarized into two equations: 

M = M+ + c- 

where M represents Na, K, etc., and 

e- (NH3)n - e- + nNHs 

The ^‘solvated electron’^ is used to explain the anomalous conductance 
data, vapor pressure data, photoelectric properties, transference values, the 
blue color of the metallic solutions, electrolysis, and absorption spectra. 

In this paper we shall report a number of experiments which directly 
conflict with the ^^dissociated metaF’ theory, and also give our interpreta- 
tion of the data in the literature. 

EXPERIMENTAL 

Electrolysis 

A dilute solution of ammonium chloride was electrolyzed at —GO® 
to — 80®C., using small platinum electrodes. A blue color was detec- 
table on the cathode surface. This blue color does not exist at the 
boiling point of liquid ammonia. Furthermore the evolution of hydrogen 
at the cathode shows that very little metallic ammonium is being formed. 
The small amount of blue color, however, must be due to the presence 
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of metallic ammoDium. Other data lead us to believe that the am- 
monium metal exists in the solution as NH4(NH2"“),. When a pure 
mercury cathode was used, with only a trace of ammonium chloride pres- 
ent as an electrolyte, no gas was liberated at the cathode, but there was a 
large amount of gas evolved at the anode. This we interpret to mean 
that ammonium metal is plated out and forms ammonium amalgam. A 
part of the cathode surface was a deep blue color during the plating process. 
When the amalgam was removed, it decomposed and hydrogen was liber- 
ated. NH4 was first prepared in (1)NH3 solutions by Moissan (9) and 
Rich and Travers (11). The ammonium amalgam resembles the ammon- 
ium amalgam prepared in aqueous solutions. 

We then used sodium amalgam (unsaturated amalgam) as a cathode, 
and the only electrolyte present in the liquid ammonia was the small 
amount of sodium amide formed by reaction of the sodium in the amalgam 
with the ammonia. This solution was a very poor conductor, and it was 
necessary to use 220 volts across the system with the electrodes only a few 
centimeters apart. As soon as the current was applied blue streamers 
shot out from the cathode toward the anode. The speed of these particles 
is so high, a centimeter per second, that most of their energy must be sup- 
plied mechanically by surface tension effects and gas formation. Polariza- 
tion causes the sodium and ammonium to plate out locally. The metal 
forms a colloidal particle and then moves away. Before reaching the 
anode the blue became fainter, and bubbles of hydrogen appeared which 
rose to the top of the liquid. There is no gas evolution at the cathode 
surface. In our discussion we will explain how the blue color is due to a 
colloid, that is, free metal with adsorbed amide ions. This negative 
particle is pulled away from the cathode by the applied potential. Out in 
the solution it becomes electrically an unstable sol. The hydrogen is 
produced by the decomposition of the ammonium metal, two molecules 
of ammonium metal giving two molecules of ammonia and one of hydrogen. 
According to the dissociated metal theory the blue color would be due to a 
solvated electron, but the decomposition of this ion could not give gaseous 
hydrogen. The liquid ammonia solution containing the sodium amalgam 
was perfectly colorless before the current was applied. 

Reactions 

Sodium reacted very rapidly with ammonium chloride at room tempera- 
ture. At low temperature, about — 70®C., there is practically no reaction. 
The rate of the reaction was determined by the volume of hydrogen given 
off per unit of time. At room temperature, roughly 5 cc. of hydrogen was 
produced per minute. At the low temperature ten hours was required to 
produce 1 cc. The reaction rate is easy to follow qualitatively by the dis- 
appearance of the blue color. Ionic reactions should reach equilibrium 
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very rapidly, but a reaction with a metal with adsorption interfering would 
be relatively slow. The reaction 

NH4+ + c~(NH 8)« = (n + 1)NH3 + H 
would certainly proceed very rapidly and 

2H-^H2 

is known to go very rapidly with the production of much heat. 

Schlubach and Ballauf explain the deficit in the hydrogen evolution by 
the fonnation of ammonium metal. They observed that only 35 per cent 
of the theoretical hydrogen was given off when ammonium chloride acted 
upon potassium solutions in liquid ammonia at — 70 °C. (12). 

Pure mercury was added to blue, unsaturated solutions of sodium in 
liquid ammonia. The mercury was shaken with these solutions for several 
hours. The solutions were in scaled glass tubes; some of them were kept 
cold and some were allowed to react at room temperature. As soon as the 
formation of amalgam stopped, as judged by hardness and swelling, the 
amalgam was removed to dry tubes and the solvent ammonia allowed to 
evaporate. From these solid amalgams ammonia and hydrogen were 
liberated. When this latter decomposition took place the amalgams 
softened and decreased in volume. 

Tyndall cone 

A blue solution of sodium in liquid ammonia in a closed tube was allowed 
to settle carefully so that the undissolved metal and the sodium amide 
precipitated fell to the bottom. Dilute solutions prepared in this manner 
always showed a Tyndall cone. 


Dialysis 

Several membranes were found which were not attacked rapidly by 
liquid ammonia. Sodium and amide ions would diffuse through these 
membranes. A commercial viscose product was very satisfactory. Me- 
tallic sodium was placed in such a bag and suspended in a glass cell between 
platinum electrodes. Ammonia was condensed in the cell and bag. The 
sodium dissolved, forming a deep blue solution in the bag and some sodium 
amide. The amide diffused throughout the cell, but there was no blue 
color outside the bag. Electrodialysis was then carried out, using 220 
volts. With this large potential no blue color could be pulled outside the 
bag. Sufficient sodium and amide ions were dialyzed to make the solu- 
tion a poor conductor. This we consider as good evidence that the 
metal exists as a colloid. 
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Photoelectric properties 

Kraus' experiment on the photoelectric properties of a lithium solution 
is confusing, since he reports a positive as well as a negative charge of the 
electrometer. We tested the photoelectric properties of sodium solutions 
in a closed cell at a low temperature, so that the ammonia vapor pressure 
was only 1 to 5 mm. The electrodes were of platinum and the anode was 
about 6 mm. above the solution. No current was detectable in a sensi- 
tive galvanometer, even when a 220-volt driving force was applied. The 
experiment was performed under different light intensities with the same 
negative result. Under the same experimental conditions pure metallic 
sodium showed photoelectric properties. We found that unless extreme 
care is used to prevent it, the ammonia will condense on the wall of the 
cell and thereby produce an electrical leak between the solution and the 
anode. Such a leak may explain the data of Kraus. 

Densities of solutions 

We hoped to determine the densities of solutions of alkali metals and of 
salts as well as of their mixtures at 25®C. However, we found that the 
dilute blue solutions of sodium became colorless with gas evolution when 
sodium bromide was added. This cannot be interpreted as common-ion 
effect. Surely it is due to a breaking down of the colloidal system. 

If concentrated solutions of sodium were used we obtained two layers, 
a dense blue solution which settled to the bottom like an oil and a less 
dense bronze-blue layer. These latter solutions are both stable for days. 

The so-called solutions of alkali metals when saturated, as at the break 
in the vapor pressure curve, are not homogeneous in appearance, but are 
sludge-like. 

These data we cannot explain by the theory of Franklin and Kraus, and 
therefore we are offering a colloidal metal theory. The colloidal theory 
was first suggested by Ostwald (10). He did not propose the existence of 
ammonium metal in the alkali solution and therefore he tried to explain 
only the blue color of the solutions. 

THEORETICAL INTERPRETATION OP THE DATA IN THE LITERATURE 

The authors think that the alkali metals are dispersed into colloidal 
particles when they come in contact with liquid ammonia. They are not 
dispersed to atomic or ionic dimensions. At the time of peptization the 
metal displaces ammonium metal from the liquid ammonia according to 
the reaction 

M + NH4+ + NH4 ( 1 ) 

This makes the colloidal particle a colloid of an alkali metal and ammonium 
metal. The blue solutions can be obtained only in alkaline solution. It 
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is impossible to prepare ammonia so pure that it will not destroy a part of 
the blue color when a dilute blue solution is added to it. We do not think 
that the disappearance of the blue color is due to reaction with water 
adsorbed on the glass container. The extent to which reaction 1 takes 
place depends upon the activity of the two metals, the temperature, and 
the presence of impurities. The ion which is adsorbed in the peptizing 
process is the amide ion. Consequently the colloidal micelle is negatively 
charged. The ammonium and amide ions come from the reaction 

2NH8 ^ NH4+ + NHa- (2) 

K, the dissociation constant, of which is reported to be in pure NHa, 
but the reaction rate can be increased by removing the products as they are 
formed. The value of K increases very little with increase in temperature, 
but may increase markedly in the presence of alkali metals. The alkali 
ions from equation 1 are removed by the amide ions that are left from 
reaction 2 to the extent of the solubility of sodium amide. The reaction 

M + n(NH4+, NH2~) nNH4+ + C(NH2“)n 

(where C represents colloidal metal) leaves NH 4 ^ ions in the solution, that 
is, this reaction produces ammonium ions in solution equivalent to the 
colloid in solution until the electrical characteristics of the sol are such 
that the system is stable. The theories of metals have not been developed 
to the point wlierc they would predict the appearance of a completely dis- 
persed metal. Therefore we cannot judge the color of the solutions. 
On the other hand almost all colloidal solutions arc colored, the color 
being dependent upon the particle size. 

There is a point of apparent saturation of the metal in liquid ammonia. 
This fact can be explained using the colloidal metal theory if it is assumed 
that a certain definite concentration of amide ions is necessary to peptize 
the metal. This type of fact is knowm in the case of the peptization of 
iron in aqueous solutions of sodium hydroxide (2). The process of sol 
formation uses up amide ions, and when they are exhausted to a critical 
concentration then another type of colloid, such as the copper-colored 
colloid, is formed. The less active the metal the fewer amide ions required, 
and consequently the higher its solubility. 

There is a very small change in the solubility of the metal with the 
change in temperature. There is obviously, therefore, very little heat of 
solution. This fact is very hard to explain using the metal dissociation 
theory. If this theory should be completely vindicated, the solution of a 
largely ionized substance with an infinitesimal heat of solution such as 
lithium in liquid ammonia would remain a remarkable phenomenon, since 
the solvation of the electron would give off a large amount of heat energy. 
The small change in the solubility with change in temperature is much more 
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plausible in the light of the colloidal metal theory; however, little is known 
about the energy of peptization of metals. The heat of reaction 1 is also 
an unknown quantity. 

There is a decrease in the vapor pressures of the solutions with increased 
concentration of the metal, that is fairly reproducible. Very little is 
known experimentally about the effect of colloid upon the vapor pressure 
of solvents, but theoretically the particles should serve as ions in the solu- 
tion. Effectively we should have ammonium colloid in solution. If this 
is the case, then the vapor pressure data at least do not disprove our 
theory. Concentrated lithium solutions have very low vapor pressures, — 
much lower than Raoult’s law could possibly explain. If the limiting fac- 
tor is not the concentration of the lithium ion, but the adsorption of NH» 
on the metal atom as NH 4 and NH*“, then one does not have to postulate 
a large ratio of adsorbed particles per lithium atom to have a large per- 
centage of the solvent molecules tied up. The enormous increase in 
activity with a slight dilution cannot possibly be due to metallic dissocia- 
tion; it must be due to a decrease in the per cent of solvent adsorbed. 

The molecular weight and activity of sodium have been calculated from 
the change in the vapor pressure with concentration of the metal. The 
molecular weight approaches less than 20 in dilute solutions. All of 
the calculations in the past have been carried out either to find out 
what value of molecular weight is approached at dilute solutions or to 
determine what the activity of the metal is, assuming Kraus’ theory. 
The facts might be considered as some substantiation of the “dissolved 
and dissociated metal’’ theory if more were known about the extent to 
which salts dissolved in liquid ammonia obey Raoult’s law. One of the 
authors ( 6 ) has carried out the determination of the activity coefficient of 
salts in liquid ammonia at room temperatures and has discovered marked 
deviations from Raoult’s law. The facts about the change in the vajmr 
pressure of the solution with change in metal concentration can be ac- 
counted for qualitatively on the basis of the formation of ammonium 
colloid electrolyte in solution and the marked departure from Raoult’s 
law which would be expected in solutions of such electrolytes. The 
charge on the colloid particle per atom of sodium determines whether or 
not Raoult’s law could be considered as being obeyed by these solutions. 
By postulating the necessary charge on the colloid (not unreasonable 
charges) the data could be accoimted for assuming Raoult’s law. 

The disappearance of the blue color around the anode when a dilute me- 
tallic solution is electrolyzed we explained by the oxidation of NH4 to NH4+, 
which immediately reverses equilibrium 2 with an increase of NHa or 
solvent in the anode compartment. Amide ions are plentiful, since they 
were adsorbed on the colloidal metal. This, of course, removes the source 
of the blue color, and since the ions are removed the solution immediately 
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around the anode will become a very poor conductor. Furthermore, at 
the same time NH 4 ‘^ is removed from the anode by attraction to the cath- 
ode, This explains the absence of visible products of electrolysis at the 
anode. The NH 4 '^ will be an excellent carrier of electricity in its parent 
solvent ( 1 ). The cathode compartment will become richer in the blue 
color because 

NH 4 ‘^ + e (furnished by cathode) NH 4 

and secondly because of transference of the existing blue particle. The 
ionic atmosphere of the fast moving ammonium ion will contain the col- 
loidal negative particle C(NH 2 “‘)*. If the sodium or potassium ion is 
present it will also act as a positive carrier. These ions are not liberated, 
however, since this would require a greater potential. By our theory or 
the accepted theory, the free metal simply would ionize again. Reaction 
1 will go to completion only at the anode. If the concentration of the 
solution is increased the conduction should become more and more metal- 
lic, owing to the increase in concentration of the colloidal particles. This 
will also shift the fraction of the current carried by the positive and nega- 
tive carriers. The NH 4 '^ will carry most of the current in the dilute solu- 
tions, since the larger colloid particle is less mobile, but when the concen- 
tration reaches a certain limit, the mobility of the negative carrier will no 
longer be an important factor, as the conduction is by electronic trans- 
fer (3). As a higher metal concentration is reached one would expect the 
ionic concentration to decrease and consequently the apparent molecular 
conductance. The two will not necessarily counterbalance, and we should 
expect a minimum conductance. This minimum has been reported by all 
investigators in the neighborhood of 0.05 normal. Our theory would pre- 
dict a higher conductance than for a similar concentration of a salt because 
of the nature of the conductors. 

The specific conductance of mercury is approximately two and six times, 
respectively, the specific conductance of a saturated and a. 2 N solution 
of sodium. Preliminary experiments in this laboratory showed that the 
resistance offered a d.c. current by a sodium solution is decreased roughly 
50 per cent by the addition of sodium chloride. This must be explained 
by an orientation of the conductors into a complicated “bridge-work' ' 
which favors electronic conduction. The addition of a common ion should 
decrease the concentration of the free electron, and therefore greatly in- 
crease the resistance of the solution. 

There is a large positive temperature coefficient of the electrical con- 
ductivity that does not decrease in value with increasing temperature. 
This fact cannot be explained using the dissociated metal theory. Ordi- 
nary electrolytes have their conductivities pass through a maximum. 
Metals have negative coefficients. The increasingly large positive tern- 
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perature coefficient is just what the colloidal metal theory would predict. 
There would be an increasing number of collisions between metal particles, 
and consequently an increasing percentage of metallic conductivity with 
the increase in temperature. 

The absorption spectra of the alkali metal solutions are the same. This 
interesting fact can be interpreted as indicating that the colored component 
of all these dilute solutions is the solvated electron. The colloidal metal 
theory postulates that the metal colloid, especially in the dilute sol, is 
largely ammonium metal with a core of alkali metal. In the formation of 
a dilute colloidal solution the procedure is quite uniform. Since the com- 
position of the outer part of the colloidal particles (no matter what alkali 
metal is dispersed) is the same, since the methods of formation of the vari- 
ous colloids are the same, and since all of the colloids are quite stable, it 
follows from the principle of Hevesy that the rotational-vibrational- 
electron-transition spectra should be quite similar for the sols of the vari- 
ous alkali metals. 

The densities of the solutions of the alkali metals in liquid ammonia 
pass through a maximum density with increasing concentration of the 
metal. The change in density of these solutions is credited to the exist- 
ence of electrons associated with ammonia molecules. It seems to the 
authors that this explanation is especially weak, since metals are in general 
very dense and the more dense the metal, the greater the possibility of 
having more free electrons per atom. It is well known that colloids greatly 
change the internal energy of liquids under most circumstances. Colloids 
lower the surface tension of a liquid; thereby they decrease the force com- 
pressing a liquid, and the density would be decreased. The charged forces 
in the colloidal solution will increase the free space between particles, so 
that the density will be decreased. The density of the free ammonium 
metal is an unknown factor, but we predict that it is less than 0.5 g. per 
cubic centimeter and that it will therefore decrease the density of the 
solution. The relative amount of free ammonium metal will change with 
the concentration of the dissolved metal as well as the closeness of packing 
of the adsorbed particles, so that the magnitude of the final density cannot 
be estimated. The closeness of packing should be greater for potassium 
than for sodium; therefore, one would predict a smaller increase in volume 
for potassium than for sodium solutions. This prediction agrees with the 
experimental data. The metallic ionic radii of sodium and potassium are 
of the wrong relative order to explain it, and the ‘‘solvated electron^ ^ 
should have the same density in both solutions. 

Metals such as platinum will catalyze the decomposition of NH 4 through 
the removal of H 2 . 


2NH4 = 2 NH 8 -h H2 
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Therefore the rate of formation of sodium amide from liquid ammonia 
and metallic sodium will be increased. If the metal furnishes a colloidal 
metal surface under the experimental conditions, it will be a better catalyst 
for the reaction. 


SUMMARY 

1. Methods for producing ammonium metal in liquid ammonia have 
been described. Its presence in alkali metal solutions has been proven. 

2. The ‘‘dissociated metaP^ theory of metallic ammonia solutions is 
critically discussed, and a colloidal metal theory is outlined to explain the 
properties of these solutions. 

3. The alkali solutions are evidently mixtures, and therefore the physi- 
cal data are not capable of interpretation on the basis of the well-known 
laws of physical chemistry. 
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INTRODUCTION 

The character of the stannic oxide sols was first studied methodically in 
the laboratory of Zsigmondy, where Franz (1) compared the peptizing 
ability of potassium and sodium hydroxides for the so-called alpha and 
beta stannic oxides. Varying amounts of alkali were used to give sols 
with stannic oxide : alkali ratios of 2, 10, 25, 50, and 100. It was found that 
potassium hydroxide was definitely better than sodium hydroxide, and 
that the /3-oxide gels were more difficult to peptize than the a-oxide gels. 

Heinz (2) investigated the flocculation of the sols from freshly precipi- 
tated or a-stannic oxide by certain salts whose action was found to be 
divided into two groups. Salts such as sodium chloride, sodium nitrate, 
sodium sulfate, and sodium acid sulfate produced flocculation at greater 
concentrations than those of the type of calcium chloride, barium chloride, 
aluminum chloride, and silver nitrate, the concentrations of the latter 
group in each case being the same as that of the peptizing alkali for the 
standard 10-cc. samples. Also, upon the addition of water the first group 
was reversible while the second was not. These values are summarized 
by Kruyt (van Klooster) (3). 

From these experiments, Zsigmondy (8) assumed that peptization of 
stannic oxide by alkali formed particles of hydrous stannic oxide with 
stannate ions adsorbed to give the double layer. Discharge of the double 
layer was accomplished by the first group of electrolytes, whereas the 
second group produced insoluble stannates and destroyed the double 
layer to produce precipitation. 

Varga (5) and Wintgen and coworkers (7) investigated the conductivity 
and transport of the sols to obtain an idea of the structure of the micelle 
expressed as the number of Sn02 atoms associated with K 2 O. It was 
shown that for sols with a Sn02:K0H ratio of 50, about 15 per cent of the 
potassium stannate molecules occurred in the mobile part of the double 
layer, while 85 per cent were outside. 

This work was undertaken to prepare similar sols, using ammonium 
hydroxide and lithium hydroxide as peptizing agents for the a-stannic 
oxide gel in addition to potassium hydroxide and sodium hydroxide, and 
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to determine flocculation values for salts of potassium, ammonium, lithium, 
and sodium. It has been shown that the a- and j8-forms of the stannic 
oxide are not allotropic forms but have the same crystal structure; the 
terms so used mean freshly formed and aged products, respectively (6). 

EXPERIMENTAL 

In the preparation of potassium hydroxide, Kiister’s (4) method was 
used. Water vapor acted slowly upon metallic potassium to give a 40 
per cent alkali solution, which was diluted to about 1 normal and 
standardized. 

The sodium hydroxide solution was made up to about 17 normal, when 
the carbonate was precipitated, and after decantation and filtration was 
diluted to 1 normal. Lithium hydroxide was prepared in like fashion. 

The electrolytes used for flocculation were of analytical purity and were 
made up to exactly 1 normal. 

The stannic acid gel was prepared after Zsigmondy and Heinz (2). 
7.300 g. of SnCU-SHjO (Eimer and Amend) was dissolved in about 1 1. 
of doubly distilled water and allowed to remain in a dark place at room 
temperature for a period of three days, until the white gelatinous precipi- 
tate had settled. The supernatant liquid was siphoned off and more 
water was poured in its place. The oxide was washed repeatedly until 
the off-coming liquid gai e no test for chloride and the conductivity reached 
4 X 10“* mhos. The last washings were made with distilled water hav- 
ing a conductivity of 1.0 X 10“*. In all, fifteen to twenty washings were 
required. 

The gel was transferred gradually to a 250-cc. volumetric flask, allowing 
the water to separate until the volume of gelatinous oxide was approxi- 
mately 235 cc. It was foimd that if the total volume of gel was below 220 
cc., difficulty in peptization was experienced, particularly in sols with 
SnOstKOH ratios of 25, 50, and 100. 

The calculated amount of alkali necessary for peptization was pipetted 
into the flask, the volume made up to exactly 250 cc., and the flask shaken 
vigorously until the peptization was complete. Finally, the solutions 
were transferred to Pyrex flasks and tightly closed with stoppers coated 
with tin foil. 

In the sols of ratio 50 and 100, heat had to be applied. Sols of ratio 50 
required heating for at least an hour, while those of ratio 100 required 
heating for five hours on a water bath. The sols of ratio 100 for lithium 
hydroxide could not be prepared, and for sodium hydroxide the stability 
was less than twenty-four hours. Likewise the ammonium hydroxide sol 
of the same ratio was not any more stable than that of sodium hydroxide. 

The sols of ratio 2 were clear and without color, except in the case of 
lithium hydroxide where a decided blue was evident, reminiscent of the 
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appearance of dilute mastic sols. The colloids with stannic oxide: alkali 
ratio of 10 were transparent but possessed a slight tinge of blue, noticeably 
more intense in the ammonium hydroxide sol. The Tyndall effect was more 
evident in the sols of ratio 25, while the sols in which the ratio of stannic 
oxide to alkali was 50 and 100 were opalescent and opaque, respectively. 
The sols of ratio 2 and 10 were basic in reaction, showing the presence 
of free alkali; in the ammonium hydroxide sol of ratio 2, an odor of am- 
monia was present. 

Sols of ratios 2, 10, and 25 were stable after remaining in a cupboard for 
more than a year without any outward change, except that the Sn 02 ~ 
NH4OH sol of ratio 2 became opalescent. Sols of ratio 50 for ammonium 
hydroxide and lithium hydroxide and all of ratio 100 were found, after 
four months, to have settled into an opaque layer, below a transparent 
layer. On shaking, these sols became apparently homogeneous, but after 
some time again separated into layers. 

In performing the flocculation experiments, a certain technique was 
always employed. The sols were chosen so that two weeks had elapsed 
since the beginning of hydrolysis to the gel form, with the exception of the 
sols of ratio 100, which were used as soon as peptized. 

The peptized sols were pipetted into Pyrex test tubes of dimensions 16 
X 150 mm. The initial concentrations of stannic oxide in the sols were 
adjusted so that 8 cc. of sol contained 0.666 milliequivalent of stannic 
oxide, while the alkali used for peptization was such as to give the proper 
ratios. 

Eight cubic centimeters of the sol was pipetted into a Pyrex test tube 
previously steamed. The precipitating electrolyte in varying amounts 
was added to the test tubes and the total volume made up to 10 cc. in each 
case. The tubes were closed with tin foil-covered stoppers, inverted ten 
times, and set in a rack. After exactly 1 hour the tubes were inspected 
for flocculation. The procedure was carried out at approximately 25®C., 
and the colloids were shielded from sunlight throughout. A sol was con- 
sidered as flocculated when a clear ring was seen below the whole of the 
meniscus, separating the opaque gel. 

Usually series of experiments were run with the interval between quan- 
tities of added electrolyte made less until the accuracy was in the vicinity 
of 5 per cent. In sols of higher ratios, the accuracy was somewhat below 
10 per cent. 

Alcohol numbers were determined with 5 cc. of sol as standard. A 
quantity of alcohol (purified with silver oxide) that would cause precipi- 
tation in 1 hour was the alcohol number. This precipitation was rever- 
sible, as were those with the electrolytes. 

Experiments were carried out on the flocculation by electrolytes of alco- 
hol^containing sols. A total volume of 15 cc. was used, excepting in sols 
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of ratio 2. Five cubic centimeters of alcohol were added to 8 cc. of sol in 
the test tube, and the remainder made up with electrolyte and water. 
The procedure was otherwise identical with the flocculations with elec- 
trotytes. 


BEBUIiTB 

The results are shown in tables 1 to 4. 

TABLE 1 

Flocculation value of stannic oxide-potassium hydroxide sols 


Milliequivalents per 10 cc. (total volume) 


BALT 

SnOs : KOH batxo 

2 

10 

25 

50 


NaCl 

1.8 

0.85 

0.145 

0.070 

0.085 

NaNO, 

1.9 

0.80 

0.140 

0.070 

0.085 

Na,S04 

2.2 

0.75 

0.155 

0.076 

0.085 

KCl 

>10 

0.85 

0.155 

0.080 


KNOa 

>10 

0.90 

0.160 

0.075 


LiCl 

0.48 

0.30 

0.105 

0.075 

0.080 

LiaSOa 

0 50 

0.32 

0 105 

0 070 

0.085 

NH4CI 

1.5 

0 44 

0.155 

0.065 


Alkali per 10 cc 

0.333 

0 066 

0.0266 

0.0133 

0.0065 

CaHaOH (in cc.) to 5 cc. of 






sol 

3.08 

>500 

>500 

>500 



TABLE 2 

Flocculation values of stannic oxide sols 


Milliequivalents per 10 cc. (total volume) 


BALT 

SnOs : ALKALI RATIO 

SnOr-NaOH boIb 

SnOr-LiOH sols 

SnOt-NHiOH boIb 

2 

10 

2 

10 

2 

10 

NaCl 

1,7 

0.75 

0.85 

0.60 

1.7 

0.65 

NaNOa 

1,8 

0.70 

0.85 

0.45 

1.15 

0.60 

Na,S04 

2.0 

0.65 

1.20 

0.85 

>10 

0.65 

KCl 

>10 

0.70 

>10 

0.80 

>10 

0.80 

KNOt 

>10 

0.80 

>10 

0,80 

>10 

0.75 

liCl 

0.43 

0.30 

0.30 

0.28 

0.52 

0.31 

Li»804 

0.42 

0.30 

0.35 

0.30 

0.56 

0.31 

NH4a 

1.40 

0.40 

0.80 

0.88 

1.5 

0.40 

Alkali per 10 cc 

0.333 

0.006 

0.333 

0.066 

0.333 

0.066 

Aloahol number 

1.36 

>500 

1.70 

>500 

>250 

>500 
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TABLE 3 

Flocculation values of stannic oxide-potassium hydroxide-alcohol sols 
Milliequivalents per 15 cc. 


BALT 

SnOs KOH BATio 

2 

10 

25 

50 

4 cc CtHftOH 
added 

6cc CiHjOH 
added 

5 cc. CjHiOH 
added 

5 cc CjHiOH 
added 

NaCl 

0.13 

0 135 

0 055 

0.009 

KCl 1 

0 10 

0 160 

0.065 

0 009 

LiCl 

0.12 

0 110 

0 060 

0 008 

NH4CI 

0 52 

0 125 

0 070 

0.009 

NaNO, 

0.090 

0 105 

0 070 

0.007 


TABLE 4 


Flocculation values of stannic oxide-alkali-alcohol sols 
Milliequivalents per 15 cc. 


BALT 

SnOs . ALKAU RATIO 

SnOr-NaOH sols 

SnOj-LiOH sols 

SnOrNH40H sols 

2 

10 

2 

10 

2 

10 

NaCl 

Flocculated 

0 12 

Flocculated 

0.100 

0 140 

0.125 

KCl .... 

by 

0 14 

by 

0 125 

0 190 

0 135 

LiCl 

CjHiOH 

0 10 

CjHftOH 

0 100 

0 140 

0.125 

NH 4 CI 


0 12 


0 110 

0 155 

0.160 

NaNO, 


0 15 


0 no 

0 140 

0.120 

C,H,OH 

2 

5 

2 

5 

5 

5 


DISCUSSION 

From the results of peptization, it is seen that potassium hydroxide 
produces the sols most easily, whereas lithium hydroxide gives the great- 
est difficulty. Sodium hydroxide and ammonium hydroxide rank in 
between, in the order named. The order is evident if the time for conver- 
sion of the opaque gel of the hydrous oxide to the sol is compared qualita- 
tively, and then it is seen that potassium hydroxide produces a clear sol 
by mixing thoroughly for a few seconds, sodium hydroxide taking a longer 
time, while ammonium hydroxide requires several minutes. The stannic 
oxide-lithium hydroxide sol of ratio 2 has not been obtained without the 
bluish appearance that is characteristic of the usual sols of ratio 50. Like- 
wise it is seen in the sols of stannic oxide: alkali ratio equal to 100, that the 
potassiiun hydroxide sol is relatively stable, while the lithium hydroxide 
sol could not be prepared at all. 

From the flocculation experiments, it is seen that the cations may be 
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arranged in the order of decreasing flocculation values: K > Na > NH 4 
> li. The order is most evident in sols with a stannic oxide: alkali ratio 
of 2 and 10, less so for 25, and not at all for 50 and 100, where flocculation 
values are approximately the same for a single sol and for different sols of 
like ratio. This order however, is the reverse of the lyotropic series for 
hydrophobic sols such as Oden’s sulfur and arsenic trisulfide sols and for 
the molybdenum pentoxide and vanadium pentoxide sols (3), but agrees 
with the usual series for emulsoids and is thus interpreted as a salting-out 
effect, so that hydration is a factor for consideration. 

It is known that lithium has the greatest amount of water attached to 
the ion, while potassium has the least. Also it is indicated that the stannic 
oxide colloid is composed of particles of hydrous SnO* and has hydrophilic 
properties. 

In considering the mechanism of peptization, the alkali has the effect 
of breaking up the gel into small particles of SnOj, with the adsorbed stan- 
nate formed by chemical reaction giving rise to the double layer. As 
more alkali is introduced, the particles are expected to be smaller and the 
opacity of the gel to decrease with the greater dispersion. It is seen, how- 
ever, that the ion with the greatest amount of water associated with it 
peptizes the stannic oxide gel with the greatest difliculty and conversely, 
so that the water of the ion may be viewed as a hindrance. From the ex- 
periments of Zsigmondy and Glixelli (9), it is found that compressing the 
micelles as in ultrafiltration or even ordinary filtration increases the amount 
of alkali needed for peptization, probably owing to the removal of some 
water from the gel, and this process may be responsible for the aging of the 
a-oxide into the /3-form. 

In the flocculation experiments, it is noted that the ion with the greatest 
amount of water coagulates the sol with the greatest ease. Possibly an 
equilibrium of the water carried with the ion has to be considered. By 
lowering the hydration, the stability factor induced in hydrophilic colloids 
is reduced so that smaller amounts of cation will be needed to discharge the 
double layer to cause coagulation. If an ion that tends to dehydrate a 
particle be used for peptization, smaller flocculation values for these sols 
are expected as compared with sols of an alkali ion with a smaller water 
mantle. This seems to be borne out by the sols prepared from lithium 
hydroxide. 

The flocculation values for the sols from potassiiun hydroxide are not 
in numerical agreement with the values of Heinz ( 2 ) because of a difference 
in technique. 

The alcohol niimbers show that sols of ratio 2 are coagulated while the 
others are not. Since the stannates are only slightly soluble in ethyl 
alcohol, it may be that the alkali stannate has its solubility reduced so as 
to cause flocculation, which is reversed with the addition of more water. 
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It is seen that the addition of alcohol lowers the amount of electrolyte 
needed to bring about coagulation. The lyotropic series is evident in the 
presence of alcohol, but the flocculation values are smaller. The values 
of table 3 express this clearly. Table 4 shows a decrease for the sols pre- 
pared with sodium hydroxide and lithium hydroxide, except that for these 
two sols no values were obtained for the ratio 2 because of coagulation by 
the alcohol alone. Stannic oxide-ammonium hydroxide sols are less 
sensitive to alcohol. Alcohol may be said to possess two actions, — one 
of reducing the solubility of the adsorbed stannate, the other a dehydrating 
action. 


SUMMARY 

Stannic oxide sols were made with lithium hydroxide and ammonium 
hydroxide so that the ratios of stannic oxide to base varied from 2 to 50, 
together with those peptized by potassium hydroxide and sodium hydrox- 
ide, previously studied by Heinz (2). 

Flocculation values were determined with salts of potassium, sodium, 
lithium, and ammonium, and also for the same sols containing alcohol. 
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Some years ago Cliattorji and Dhar (1) published an account of a num- 
l)er of experiments on the formation of Liesegang rings in many gelati- 
nous media, among them silica gel. They reported that they obtained 
rings of (*admium and antimony sulfides in this gel. However, they gave 
no detailed directions as to concentrations and other conditions under 
which the rings formed. 

For some years we have been interested in the formation of bands of 
metallic* sulfides in gels, and have recently tried to form bands of such 
sulfides in silica gel. The experiments were not altogether successful, as 
only faint rings were obtained, and these under varying conditions which 
could not always be reproduced. The rings so formed were those of zinc, 
cadmium, and antimony sulfides. As we had obtained excellent bands of 
manganese sulfide in gelatin (4), we tried to form rings of this substaiU'C 
in silica gel. Wc found the best procedure to be the following : Commercial 
water glass was diluted to a density of 1.07 and was mixed with an equal 
volume of 0.5 N acetic acid. This mixture, which reacted acid toward 
litmus, was poured into test tubes 1 in. in diameter until they were threc*- 
fourths full, and then the whole was saturated with hydrogen sulfide gas. 
The tubes were th(*n allowed to stand until the contents set to a g(‘l, after 
which the upper portion of the* tube was filled with a solution of manganese 
chloride. The concentrations of manganese chloride giving the best 
bands were from 0.5 to 1 molar. The bands obtained an* shown in 
figure 1. The rings usually ol)tained were like figure 1 a and b, but occa- 
sionally rings of the type shown in figure 1 c were produ(*cd. As far as 
the concentration of the manganese chloride is coiKterned, there seemed to 
be no difference whether the fine banded or (*oarsely banded ones were 
obtained, so the cause of this difference must have lain in the nature of the 
silica gel or in the concentration of the sulfide ion in it, as it is obvious 
from the method of preparation that the latter could not be accurately 
controlled. Attempts to control the concentration of the sulfide ion by 
using definite concentrations of sodium sulfide were unavailing, as this 
rendered the medium alkaline and the mixture fail(*d to gel. 
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APPLICATION OF HUGHES^ DIFFUSION THEORY 

E. B. Hughes (3) has recently developed a theory of the formation of 
liesegang rings, based on difTusion. The theory is essentially in accord 
with that originally advanced by Wo. Ostwald, but Hughes has worked 
out mathematically the conditions for the formation of a new band on 
the basis of the upper electrolyte diffusing in and building up a sufficient 
concentration to attain the solubility product of the insoluble substance 
anew. In order to apply the equations it is necessary to d(*termin(' the 
distance between bands and the time of the formation of each band. 



Fi( 5. 1. LiesfRaiig rings of manganese sulfide in silica gel 

As bands of manganese sulfide could be reproduced very ri'adily in geda- 
tin, bands of this material and in this gel were used to test the theory. 
As seen in figure 1 a and b, a heavy i)r(*cipitate of manganese sulfides was 
always produced at the junction of the two electrolytes. The thickiu'ss of 
this precipitated area varied greatly in different cases, and in general was 
greater the greater the difference in concentration of the Mn'^"^ ion above 
from that of the S ion in the gel. The thicker this precipitat(Ml band, 
the more slowly th(' Mn*^"^ ion diffused through it and the longer was the 
initial period before the first Liesegang ring formed. Another difficulty 
in measuring the time of formation of the bands was the long time' con- 
sumed in completing the formation of the rings, viz., ten to twenty days. 
Naturally, therefore, some of the rings would form in the middle of the 
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niglit, and the time of their formation would not be exactly fixed. How- 
ever, since the time between the formation of successive rings was long, 
this error was small. On account of the varying thickness of the initial 
banded precipitate, the time was measured from the end of the formation 
of this band. The appearance of the rings in gelatin can be observed in 
%ure 1 of the former article (5). The results obtained from two such ex- 
periments are given in table 1. In the first column are the distances of 
each ring from the point of beginning, and in the second column the time 
of the beginning of the formation of each band. K/hn-i represents the 
distance of each band divided by the distance of the preceding band. 
h/y/t represents the distance of each ring divided by the square root of the 
time of its formation. 


TABLE 1 

Measurements made on rings of manganese sulfide 


\ M MnClt: 0.15 M (NHiltS I 0.25 AT MnCh; 0.15 M (NH4)sS 


A in om. 

Time in 
hours 

An 

An— 1 

h 

Vi 

A in cm. 

Time in 
hours 


h 

Vi 

1.45 

14 


0.3875 

1.06 

11 

SB 


1.85 

24 

1.276 

0.3776 

1.35 

18 


mM 

2.35 

38 

1.270 

0.3812 

1.72 

27.5 


0.3280 

2.95 

54 


0.4014 

2.20 

39 

1.279 

0.3523 

3.70 

82 

1.254 

0.4084 

2.75 

62 

1.250 

0.3492 

4.45 

116 

1.203 

0.4132 

3.40 

90 

1.236 

0.3584 

5.25 

162 


0.4125 

4.15 

128 

1.220 

0.3668 

6.20 

217 

1.181 

0.4209 

5.00 

193 

1.205 

0.3599 

7.35 

280 

1.184 

0 4393 

6.00 

269 

1.200 

0 3659 

8.80 

400 

1.197 

0 4400 

7 25 

391 

1 208 



Thickness of initial precipitate, 3 cm. Thickness of initial precipitate, 1.9 cm. 


According to Hughes' theory the numbers in the last two columns should 
be constant. This is seen to be the case approximately. The numbers in 
the third column being approximately constant show that the rings are 
in geometrical progression, which has been found to be the case in most 
experiments of this kind. Many determinations of these values were 
made in other experiments, and the average found for rings of manganese 
sulfide of varying distances apart was 1.21. 

Hughes has derived an equation^ giving the value of this constant in 

* Equation (ii), Kolloid-Z. 72, 213 (1935). To illustrate his theory he uses the 
results obtained by Morse and Pierce (Z. physik. Chem. 45, 589 (1903)) with bands 
of silver chromate in gelatin. These bands were all complete in from one to one and 
three-quarters hours after the beginning of the experiment, and consequently results 
are to be expected differing considerably from those described here, where the time 
taken for the formation of a series was from ten to twenty days. 
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an independent manner, which requires for its solution the value of the 
solubility product of the substance forming the bands. The solubility 
product of manganese sulfide in water is 1.4 X 10"“. Its solubility prod- 
uct in gelatin would have to be about 3.6 X 10"* in order that Hughes’ 
equation ii should have a value for K equal to 1.21. This of course is 
hi^y improbable. However, from the appearance of the bands when 
they begin to form, it is evident that the solution is highly supersaturated, 
for a band appears rapidly in voluminous quantity and then gradually 
increases in density and thickness. This seems to show that the sulfide 
ions build up a concentration considerably in excess of that required for 
the solubility product of manganese sulfide before a band begins to form. 
Furthermore, the strong adsorption of manganese* ions by the bands 
previously formed (2) delays the formation of a new band. For these 
reasons it is somewhat remarkable that the numbers in the fourth column 
in the table are as constant as they are. 

StJMMABY 

1. A method for obtaining Liesegang rings in silica gel is described. 

2. Manganese sulfide bands in sillica and other gels are spaced approxi- 
mately in geometrical progression, the multiplier having the average value 
of 1.21. 

3. Although in general the bands of manganese sulfide are formed by a 
process of diffusion essentially in accord with Hughes’ theory, the time of 
formation of the bands is considerably influenced by supersaturation and 
adsorption. 

REFERENCES 

(1) Chattkbji and Dhab: Kolloid-Z. 40, 97 (1926). 

(2) Daus and Toweb: J. Fhys. Chem. 33, 608 (1^). 
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* Analysis of the manganese sulfide precipitate, which composes the rings, shows 
an excess of manganese over sulfur of 25 per cent above that required for the for- 
mula MnS. 
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It is difficult to ascertain from the literature^ exactly what are the op)- 
timum conditions for the air activation of charcoal, or exactly what hap- 
pens during the processes of activation. Attempts at activation in a 
current of air are easily frustrated by a lack of attention to detail or to 
conditions in different parts of the mass of the charcoal. Similarly, so 
numerous are the factors involved that occasionally an exceptional suc- 
cess is achieved which it may prove impossible to duplicate. 

The present studies have been carried out over a series of many years, 
first with charcoal derived from redwood {Sequoia Sempervirens), as studied 
by Dr. F. Carlyle Harmon, and then by one of us (R.F.S.) with sugar 
charcoal, which is p)ractically the only source of highly active, ash-free 
charcoal. 

It early appeared that these results differed from the finding of Lamb, 
Wilson, and Chaney and their associates (6) that the optimum tempera- 
ture for air activation lies between 350® and 450®C. We find indeed that 
there is a peak of activation at this temperature, but also find that an even 
more pronounced peak with still better activation occurs between 920® and 
960®C. Above this, usually the activity of charcoal falls off very rapidly. 
However, the very best sugar charcoal ever obtained was that made by H. 
Greville Smith (8) in the chemistry department at Bristol University. He 
prepared a large sample by heating Kahlbaum sugar charcoal in a slow 
current of air at 1130®C., with an intermission required for repairing the 
horizontal Hereaus tube platinum resistance furnace. Its activity (81 
per cent) equalled that of good activated wood or commercial charcoal. 
We find that the activity of charcoal activated at a particular temperature 
may be improved or impaired by subsequently submitting it to another 
temperature. Generally it is much improved by reactivating with air at 
the same temperature after an intermediate cooling to room temperature 
with exposure to air. 

^ For a recent r6sum6 of the patent literature see reference 5. For modern con- 
ceptions of the nature of activated charcoal, see references 5 and 1. 
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BXFBBIMENTAL 

Preparation of redwood charcoal 

The redwood charcoal used for these determinations was made by car- 
bonizing redwood strips 4 cm. wide and 0.7 cm. thick in an atmosphere of 
nitrogen at very low pressure at 450°C. The carbonized strips were 
crushed and only the pieces passing a 6-mesh but retained by a 10-mesh 
screen were used for activation. The original activity of this charcoal was 
15.1 per cent, as determined by the percentage of iodine removed from 50 
cc. of 0.2 N solution by 1 g. of 200-mesh carbon in 3 minutes.* The slow 
distillation of dry redwood yields a harder charcoal than the rapid distilla- 
tion of wet material. Sapwood produced the hardest and light wood the 
softest charcoal. Carbon tetrachloride tests of activated redwood char- 
coal, whether from heartwood or bark, indicated that although highly 
satisfactory for sorption from solution, it has but little retentive value for 
gases, being only somewhat better than bone char. 

Preparation of sugar charcoal 

Five different grades of sugar charcoal were used in these experiments. 
These will be referred to henceforth as Nos. 1, 2, 3, 4, and 5. 

Charcoals No. 1 and 2 were prepared from Baker’s sucrose (“c.p. an- 
alyzed crystals”). Five pounds of sucrose were carbonized in an 18-quart 
aluminum kettle, the highest temperature attained being about 200°C. 
The charred mass was then removed to an aluminum pan, placed in an 
electric furnace, and the temperature raised to 400®C., being at 360® to 
400®C. for 30 minutes. At the end of this period, the charcoal was cooled 
in air, ground to 20-mesh, washed three times in warm distilled water, 
drained, and dried for 15 hours at 105®C. 

The first portion of this charcoal (No. 1) was not covered immediately 
upon removal from the furnace, and as a result there occurred a glowing of 
the charcoal that probably caused the temperature to go much above 
400®C. The activity of this charcoal was 27.02 per cent before washing 
and 21.57 per cent after washing. The second portion (No. 2) was covered 
immediately upon removal from the furnace and then allowed to cool. 
Its activity was 3.53 per cent before washing and 8.84 per cent after, both 
activities being determined by the iodine method.* 

Sugar charcoal No. 3 was also Baker’s sucrose (“c.p. crystals”) . It was 
caramelized or possibly carbonized in an aluminum kettle at 200®C., and 

• Standard method of determining “activity” (Chaney, N. K., Ray, A. B., and 
St. John, A.: Ind. Eng. Chem. 18, 1248 (1923)). However, we have found that the 
results have a high temperature coefficient; thus, an “activity” determined as 7 per 
cent at d’C. becomes 15.5 per cent at 25°C. and 27 per cent at 65'’C. We have there- 
fore measured at 20‘’C. 



ACTIVATION OF CHARCOAL 


605 


removed to porcelain crucibles; the latter were covered to keep out as 
much air as possible, and then placed in a muffle furnace and heated to 
900®C. for 15 minutes. Upon removal from the furnace, sample No. 3 
was chilled rapidly and stored in glass bottles. Its activity before being 
heated to 900®C. was 14.5 per cent, and after heating was 20.25 per cent. 
The ash content of these three sugar charcoals was less than 0.00 per cent. 

Sample No. 4 was Kahlbaum’s ‘‘charcoal from sugar’’ with an original 
activity of 14.5 per cent. Its temperature of formation is unknown. Its 
ash content was 0.12 per cent. 

Sample No. 5 was prepared by C. I. Glassbrook by dropping pure sugar 
through crossed electric arcs operating at 400 volts and 6 amperes and at 
100 volts and 26 amperes, respectively. After washing, it was a spongy, 
wet, black mass, with an activity of 14.7 per cent. After drying at 105°C., 
this fell to 5.8 and 6.4 per cent. Upon air activation at 920°C., two differ- 
ent specimens showed activities of 30 per cent and 20 per cent, respectively. 

ACTIVATION OF REDWOOD CHARCOAL 

The activities of the redwood charcoal after heating in an iron retort 
for 6 hours at a fixed temperature in a current of air at low pressure are 
shown in table 1 and figure 1. The results in tliis table indicate two 
maxima, one at about 368®C. and the other at 800®C. with a marked mini- 
mum between. Dr. Harmon suggested that the lower maximum might 
be due to combustion to carbon dioxide and the second to carbon monoxide. 
It appears more likely that these two peaks are connected with the fact 
that at these two temperatures different types (3, 12) of active charcoal 
are formed, both as regards sorption of alkali and as regards the order of 
the Traube series. 

These results were repeated by H. W. Hobbie and then again by one of 
us (R.F.S.) to a substantially similar effect, with the additional information 
that very little difference was observed when the air was at 14 mm. or at 
atmospheric pressure. Furthermore, when redwood charcoal which had 
already been activated at temperatures between 370° and 770°C. and 
cooled in air, was heated in an atmosphere of nitrogen or helium, the ac- 
tivity was still further increased. A sample air-activated at 770°C. with 
a value of 33 per cent, upon heating to 920°C. in nitrogen showed a final 
activity of 64 per cent. Even charcoal which has not been activated but 
merely exposed to air at room temperature becomes moderately activated 
upon heating to 800° or 900°C. in vacuo. 

As seen from table 1, the activated charcoal loses an appreciable fraction 
of its activity merely upon standing. 

Three samples of Dr, Harmon’s redwood charcoal were sealed in glass 
tubes with air at atmospheric pressure immediately after activation. At 
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this time, their activities were 31.7, 34.6, and 56.6 per cent, respectively. 
The first had been activated at 722“C. at 14 mm., the second at 860®C. 
at atmospheric pressure, and the third at 685°C. in air and then again at 


TABLE 1 


The activity of redwood charcoal heated for six hours at a fixed temperature in a current 

of air at low pressure 


TBIIPBRATURB 

PBR CENT BURNED 

“activity” 

PER CENT DECREASE 

Harmon 

Sessions* 

340 

16.5 

30.7 

24 3 

21 

368 

22 5 

37 9 

28 8 

24 

400 

32.8 , 

32.8 

27.1 

17 

514 

30.0 

24.9 

15.7 

37 

590 

27.5 

23 7 

10 5 

56 

720 

35.0 

20.6 

7.6 

63 

730 

26.5 

19.6 

16.0 

18 

800 

36.5 

37.6 

29.8 

23 

865 

36.0 

36.1 

37.6 


960 

37.5 

32.4 




* Original activity was determined by Harmon at the time of activation. Ses- 
sions’ determinations were made after keeping four months in glass-stoppered bot- 
tles. One sample of Harmon’s redwood charcoal with an original activity of 17.1 
per cent was tested by one of us (R. P. S.) after standing for over two years in a 
corked tube and found to have an activity of 13.64 per cent, or a decrease of 21 per 
cent. 



Fig. 1. Redwood charcoal. O, original activity; A, activity after four months 

1000®C. in nitrogen. Twenty-eight months later these tubes were opened 
and the charcoals again tested. All three samples showed a distinct loss in 
activities, which were 18.06, 19.2, and 45.8 per cent, or a decrease of 43, 
44, and 19 per cent, respectively. 
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ACTIVATION OF SUGAR CHARCOAL 

For temperatures below 1000®C., platinum- or nichrome-wound resist- 
ance furnaces were used. For those above lOOO^C. a small inclined hydro- 
gen arc induction furnace, and for the highest temperatures a large 
induction furnace with vertical graphite vessel were employed. Tem- 
peratures below llOO^^C. were measured with calibrated thermocouples, 
those above with the standardized optical pyrometer. 

Sugar charcoal may be made as highly activated as any wood charcoal. 
It also exhibits its optimum activation at just over 900®C. 

The results of the air activation of sugar charcoals (Nos. 1, 2, and 4) 
are shown in figure 2. All except four of these results were obtained in a 
stationary furnace inclined at an angle of 30° at atmospheric pressure. 



AVERACF TEMPERATURE 

Fig. 2. Sugar charcoal. O, charcoal No. 1 in inclined furnace; A, charcoal No. 2 
in inclined furnace; □, charcoal No. 4 in inclined furnace; X, charcoal No. 4 in 
horizontal rotary furnace. 

Usually the heating lasted one hour, but in a few cases this was extended to 
from two to five hours. Usually the charcoal lost from 13 to 30 per cent 
of its weight. Four samples of charcoal No. 4 were activated in a horizon- 
tal rotary furnace (2), with results which fully confirm the existence of the 
two peaks. Two other experiments, not shown on the graph for lack of 
space, yielded 3.0 per cent at 2014°C. and 0.5 per cent activity at 2530°C., 
14 per cent being burned in each case as in the experiment at 1804°C. 

It is of great interest and some significance that a specimen of charcoal 
No. 1 that had been air ^‘activated’' by heating for 15 minutes at 2187°C., 
which reduced its activity from 21.6 per cent to only 3.0 per cent, upon 
being air-activated again for 80 minutes at 920°C. was restored to 6.1 
per cent, with a loss of one-quarter of its weight. 
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A series of specimens of charcoal No. 2 were also activated in a station- 
ary horizontal furnace, with results somewhat less satisfactory than in the 
inclined and rotary types, yet still showing a definite peak at about 920°C. 
These results are plotted in figure 3, which also shows two attempts to 
activate charcoal No. 2 in a stationary vertical furnace, with very mediocre 
success. All of the results shown in this figure were obtained after runs of 
approximately one hour at atmospheric pressure. 



AVERACC TCMPERATURE 

Fio. 3. Sugar charcoal in horizontal furnace. O, charcoal No. 1; A, charcoal 
No. 2. Short lower curve shows results in vertical furnace. 


TABLE 2 

Nitrogen activation of eugar charcoal 


TBMPKBATUBB 

FURNAOS 

L0S8 OF WBIOHT 

ACTIVITT 

•c. 

i 

per cent 

per cent 

500 

Horizontal 

14.0 

14.6 

600 

Horizontal 

22.0 

28.2 

697 

Horizontal 

27.0 

24.2 

793 

Horizontal 

30.0 

22.5 

894 

Horizontal 

29.0 

22.2 

949 

Horizontal 

29.0 

12.3 

1000 

Horizontal 

28.0 

11.5 

1190 

Vertical 

29.6 

5.4 

1600 

Vertical 

1 28.0 

1.6 


Similar heating in a current of nitrogen instead of air also activated 
charcoal No. 2 at temperatures up to 1000®C., but the activities shown in 
table 2 lie well below those given for air in figure 3. The activities fall 
from a peak value of 28.2 per cent at 600®C. to 1.6 per cent at 1600®C. 

Charcoal No. 3, originally carbonized at 900°C., which has heretofore 
been thought to destroy the ability to be activated, showed a surprising 
degree of activation at 920®C. when one sample reached a peak of 58.5 
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per cent after being heated for three hours in an inclined furnace at atmos- 
pheric pressure. Other activities are mentioned in the discussion. 

In a few tests of the activity of the charcoals in figure 3, using phenol 
instead of iodine, it was found that the values were parallel with those 
shown for iodine. Krczil (4) states that sorption of phenol likewise runs 
parallel with sorption of mercuric chloride and of benzoic acid. 

DISCUSSION 

The experiments indicate that charcoal is better activated in air at 
atmospheric pressure than in nitrogen. A good flow of air rids the char- 
coal of volatile matter and usually shortens the time of activation. In 
some experiments active charcoal, activated at over 900®C., on subsequent 
heating at 365°C. lost from one-third to one-half of its activity, whereas 
charcoal graphitized at 2187®C. was partially restored at 920°C. Again, 
a mixture of samples of charcoal No. 3, activated at 600° and 920°C., 
which then had an activity of 43.5 per cent, upon heating at 210°C. with 
10 liters of air with 3.0 per cent loss of weight, lost activity, being reduced 
to only 30.5 per cent. Presumably the loss of activity which occurs on 
standing at room temperature is greatly accelerated at 210°C. 

Temperature is apparently the most important determining factor in 
the degree of activation. It is also important that the charcoal lose at 
least 10 or 12 per cent of its weight. Further loss of weight is distinctly 
advantageous, but does not have so great an effect. Presumably, the 
shorter the time of heating, all other factors such as per cent loss in weight 
being kept constant, the better the activation, or, rather, the less the con- 
current inactivation. At low temperatures loss of weight is slow or op- 
posed by another concurrent process, so that, for example, in a series of 
10-g. samples of charcoal No. 3, one at 255°C., over which was passed 3000 
cc. of air in the course of one hour, neither gained nor lost weight, but 
yielded an activity of 22.4 per cent; at 450°C. 2 per cent was burned and 
the activity w^as 26.2 per cent. When 3 per cent loss of weight w as brought 
about by using 10,000 cc. of air in 80 minutes at 210°C., the activity be- 
came 30.5 per cent. Five per cent loss at 695°C. gave 26.3 per cent activ- 
ity and at 980°C. gave 35.0 per cent, while the use of 30,000 cc. of air at 
600°C. gave a loss of weight of 23 per cent and an activity of 41.0 per cent. 
Here, clearly, the factor of initial loss of weight outweighs all effect of tem- 
perature. Then at 920°C. losses of 4, 10, 12, and 28 per cent in weight 
brought about with steadily increasing supplies of air (3000 to 28,000 cc.) 
gave activities of 29, 45, 46, and 58.5 per cent, although the respective 
times were 17, 120, 70 and 190 minutes. A temperature of approximately 
920°C. for a period of one hour gave consistently good results in an inclined 
or rotary furnace. The most promising method is to heat the charcoal at 
920°C. for two or even three periods of one hour each, with a period of 
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about twelve hours at room temperature and exposure to air between each 
heating.* 

Olin, Lykins, and Muro (10) have very recently described a series of 
peat charcoals activated “in different gaseous media” at temperatures be- 
tween 450° and 925°C. There is a peak at 850°C. for adsorption of ait or 
carbon dioxide or for velocity of cataphoretic migration. This activity 
peak at 850°C. is several times greater than at 450°C. 

Boychoudhury (11) found that sugar charcoal was more active when 
activated in small quantities at 900°C. for four hours, instead of at 600°C. 
Longer heating greatly diminished the activity. Shorter periods were 
not studied. 

Referring to figure 1, activated charcoal shows a large loss in activity 
merely on being kept in a stoppered bottle* or in a sealed tube. Such 
unused samples may lose from 30 to 60 per cent of their activity. This 
is in striking contrast to the constant activity preserved by activated 
sugar charcoal when it is sealed up with saturated organic vapors, showing 
no change even over periods of many years (9). The large adsorbed or- 
ganic molecules serve as wedges to hold open the structure, whereas in 
the charcoal, merely exposed to enclosed air, the residual valencies of the 
carbon atoms, which must remain partially unsatisfied on account of steric 
hindrance (7), cause a shrinking or compacting of the porous structure. 

CONCLUSIONS 

1. There are two optimum temperatures at which sugar or redwood char- 
coal may be activated in a current of air, one at 350° to 450°C., and a still 
better one at 920° to 960°C. 

2. Contrary to usual opinion or description, it has been found that sugar 
charcoal originally “carbonized” at 900°C. may still be activated. Activi- 
ties as high as 58.5 per cent were obtained with sugar charcoal prepared 
ostensibly at this temperature. Sugar passed through the electric arc 
may then be air-activated. 

3. When kept over a long period of time, even in sealed tubes, our char- 
coals show a decrease in activity of from 17 to 63 per cent. This is in 
great contrast to similar charcoal which has sorbed organic vapors and is 
kept in contact with the vapor. Then the charcoal loses none of its ac- 
tivity over a period of many years. 

4. Although a stationary horizontal furnace may be used to activate 
charcoal with a fair degree of success, a stationary furnace inclined at an 
angle of 60° was found to give consistently better results, while a horizontal 
rotating furnace as used by Dubinin was the most promising of all. 

* For a more detailed examination of the effect of degree of burning see B. Bruns 
and O. Zarubina (Kolloid-Z. 64 , 279 (1933)). 

* See the similar observations of J. B. Firth (J. Chem. Soc. 119, 929 (1921)). 
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5. Charcoal attains a much higher degree of activity when activated 
in air than when merely heated in nitrogen or helium. 

6. Temperature, loss of weight (especially the first fraction), and dura- 
tion of heating are the most important considerations in activating char- 
coal in a current of air. 

Our sincere thanks are due to the California and Hawaiian Sugar Re- 
fining Corporation Ltd., to the Air Reduction Corporation of Los Angeles, 
to the Western Precipitation Company of Los Angeles, and to Mr. J. C. 
Bauer for courtesies and facilities extended. 
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The mechanism of the photochemical reaction between bromine and 
water, which yields hydrobromic acid and oxygen, apparently has never 
been studied. Several qualitative experiments, however, are given in the 
literature. Balard (1) states that bromine water exposed to sunlight 
slowly decolorizes with the formation of hydrobromic and bromic acids. 
Lowig (4), however, found that the reaction products are hydrobromic 
acid and oxygen. Pebal (5) found that saturated bromine water in a 
sealed container does not appreciably decolorize after three months expo- 
sure to sunlight. He was unable to detect any increase of gaseous pres- 
sure upon opening the container; however the solution was found to be 
slightly acid and gave a positive test for bromide. Joseph (2) showed 
that only 2 per cent of the theoretical amount of hydrobromic acid is 
formed if bromine water is exposed to sunlight for over one month in color- 
less glass bottles. The results of the quantitative investigation carried out 
in this laboratory are described below. 

MATERIALS AND APPARATUS 

Water was prepared by distilling tap water from alkaline permanganate, 
followed by redistillation. To oxidize possible volatile organic matter, 
the water was further treated with a small portion of pure bromine and 
allowed to stand in sunlight for several hours. The bromine was then 
completely boiled out and the residue distilled, and the distillate finally 
redistilled. A 12-liter, all Pyrex glass still w^as used. Grasselli^s c.p. 
hydrochloric acid was likewise treated with bromine, followed by gentle 
boiling and aeration to remove the bromine. Mallinckrodt^s c.p. bromine 
was purified by agitating with potassium bromide solution for several 
hours, followed by five washings with conductivity w^ater in a separatory 
funnel. To remove small amounts of insoluble impurity the bromine was 
then dissolved in a large volume of conductivity water and reclaimed by 
distillation, using the still previously mentioned. The purification was 
completed by distilling once from concentrated sulfuric acid and finally 
redistilling. Upon evaporation, the bromine left no residue and gave 
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negative tests for sulfuric acid. Sodium thiosulfate solutions, 0.05 iV 
and 0.12 N, were prepared from Baker’s o.p. analyzed chemical. Mallin- 
ckrodt’s “Reagent quality” potassium iodide was used. This showed no 
trace of iodate. In order to duplicate titration conditions, the tempera- 
ture of the iodine solutions to be titrated was controlled to 20 ± 2®C., 
and a mechanical stirrer operating at constant speed was used. 

The photochemical reactions were carried out in Pyrex reaction 
chambers resembling a volumetric pipet. These had a capacity of about 
55 cc., and were 15 cm. in length by 25 mm. in diameter. A 4 cm. x 5 
mm. tube was sealed on one end, and a 6 cm. x 11 mm. tube was sealed 
on the other end. The reaction chambers were cleaned with sulfuric 
acid-dichromate cleaning solution, thoroughly washed, and finally 
steamed. Accurately weighed amounts of bromine were dispensed in small 
sealed glass bulbs. A 200-watt, frosted, Mazda electric light bulb was 
used as the light source. This was mounted vertically and rotated me- 
chanically at about 20 r.p.m. to provide average uniform illumination in a 
horizontal plane. The photochemical reactions were carried out in a 
photographic dark room, with temperatures thermostatically controlled 
to 25.0 ±0.5®C. 


PROCEDURE 

The smaller tube on the reaction chamber was first sealed. The bro- 
mine bulb was then introduced into the chamber through the larger tube, 
followed by a solid glass plunger 8 cm. long by 6 mm. in diameter. A 
measured amount of water (45 cc.) was then added. The larger tube was 
then heated well away from the open end and drawn to a slender curved 
constriction. This was then connected to an aspirator pump for several 
minutes and sealed, while evacuated, at the constricted point. By quickly 
inverting the reaction chamber the glass plunger was allowed to strike 
and break the bulb, thus liberating the bromine into the water. The re- 
action tubes were then mounted vertically, equidistant from the light 
source. The amount of reaction which had taken place during the various 
time intervals was then found by iodometrically determining the amount 
of bromine remaining. The following technique was used to avoid loss of 
bromine vapor: A file mark was cut about 1 cm. from the sealed end of the 
smaller tube on the reaction chamber, and a calciiun chloride tube was 
connected by means of a rubber coupling. One gram of potassium iodide 
in 10 cc. of 0.5 N hydrochloric acid was then added into the calcium chlo- 
ride tube. By applying transverse pressure the tube was broken at the 
file mark, thereby forming a valve within the rubber coupling. After the 
iodide solution had been introduced into the reaction ch^ber, the latter 
was vigorously shaken to extract all of the bromine vapor in the free space. 
The reaction chamber was then lowered into a 500-cc. Erlenmeyer flask 
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containing 200 cc. of 0.1 N hydrochloric acid and 1 g. of potassium iodide. 
By applying firm downward pressure the curved constricted end of the 
larger tube was then broken open against the bottom of the flask. This 
now permitted free drainage and thorough rinsing of the reaction chamber. 
The liberated iodine was then immediately titrated with thiosulfate. The 
latter was always standardized immediately after completing the analyses 
as follows: Weighed amounts of bromine in the sealed glass bulbs were 
introduced into a 500-cc. glass-stoppered Erlenmeyer flask containing the 
same volume of acid solution and potassium iodide as used in the analysis. 
The tightly stoppered flask was then vigorously shaken to break the bro- 
mine bulb and also insure complete reaction of the bromine vapor before 
titration. 


TABLE 1 


Reaction letween bromine and water 


8KRIE0 A 

BERIEB U 

BEKIBB C 

Time in 
hours 

Bromine 

reacted* 

A X 10 8 

Time in 
hours 

Bromine 

reacted* 

K X 10-^» 

Time in 
hours 

Bromine 

reacted* 

K X 10“* 

12 

1 51 

0 89 

12 

1.26 

1.42 

12 

1 75 

1 30 

24 

2 28 

0 91 

24 

1 85 

1.34 

24 

2 97 

1 48 

60 

3 49 

0 91 

48 

2 72 

1 36 

48 

4 05 

1.48 

108 

4 58 

0 96 

96 

3.72 

1 38 

96 

5 05 

1.41 

180 

4 82 

0 87 

180 

4 51 

1 34 

144 

5 79 

1.44 


* Calculated to moles per liter X 10“^ 


EXPERIMENTAL 

Three series of experiments were carried out: series A, using 0.0221 M 
bromine at 50 cm. from the light source; series B, using 0.0221 M bromine 
at 71 cm.; and series C, using 0,0469 M bromine at 50 cm. The data and 
reaction velocity constants found are tabulated in table 1. 

DISCUSSION 

The reaction appears to take place as follows: 

Bra + HaO H+ + Br~ + HBrO 

HBrO + H+ + Br“ + ^Oa 

The reaction velocity constants given above were determined as follows: 
The initial concentrations of hypobromous and hydrobromic acids were 
calculated from the hydrolysis equilibrium equation (3) 

lH^B,-l[HBri)l _ _ 5 j j„_, 

IBr.l 
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The number of moles of hydrobromic acid formed at any stage of the reac> 
tion always equals twice the moles of bromine reacted, as determined io- 
dometrically. Since the hydroljmis reaction rapidly attains equilibrium 
(3), the concentrations of both hypobromous and hydrobromic acids can 
be calculated by inserting {[HBr]iniu.i + [HBr] forawd} into the hydrolysis 
equilibrium equation. By integrating the curves [HBrO]/[H+i[Br-], it 
was found that the reaction velocities can be expressed: 

-d[Br,]/d< = /iriHBrO]/[H+][Br-] 

The following mechanism appears logical: 

HBrO + hv-* Br+' + OH" 

therefore, 

-d[Br+')/d< = 7ifc[HBrO] 

The Br+' reacts simultaneously, 

Br+' + OH- H+ + Br- + ^0, (a) 

and 


Br+' + Br- -*Br, + E (b) 

From reaction a, 

-d[Br+']/d< = *'[Br+'][OH-] 

Within the range studied, the bromine concentrations remain practically 
constant, owing to the reversal of the hydrolysis reaction with increasing 
hydrobromic acid concentrations, therefore we may assume 

-d[Br+']/dt = jfc'IBr+qiBr-] 

for reaction b. The mole fractions of Br+' taking part in the competing 
reactions a and b are thus directly proportional to 1:'[0H-] and A^lBr-], 
respectively. The rate equation may then be written 

-d[Br,]/di = /ii:[HBrO][OH-]/(Br-] 

to explain the observed decrease in reaction rate with respect to the in- 
creasing concentrations of hydrobromic acid. 


SUMMABY 

1. The photochemical reaction between bromine and water has been 
studied. 

2. The reaction velocity equation was found, and a reaction mechanism 
shown to be in logical agreement with it has been discussed. 
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There are factors influencing the production of mobile ions other than the 
partial dissipation of the forces of interionic attraction in the solute through 
the orientation of the polar molecules of the solvent. The dielectric con- 
stant, however, measured at the proper frequency, is a measure of this fac- 
tor of the ionizing power of a solvent that is due to the dissipation of in- 
tcrionic forces by the molecules of the solvent, through their orientation. 
In any theory proposing to estabhsh a relationship that quantitatively 
describes the behavior of ionic solutes, the dielectric constant cannot be 
neglected. In modern theories it is assumed that the dielectric constant 
of the solvent remains unchanged in the presence of the intense electrical 
field surrounding each ion of the solute. It is doubtful that this assump- 
tion is justified. It might be well to consider briefly the effect of strong 
electric fields on the dielectric constant of a polar solvent. 

Debye has derived an expression that indicates that the mean moment 
of a polar molecule tends to reach a saturation value as the field intensity 
is increased (5). If the dielectric constant of a liquid is to be considered, it 
will make a difference whether we have present a small electrical field or a 
more intense one. If we measure the dielectric constant of a liquid in the 
presence of a strong, constant, superimposed field, we should expect a 
decrease in the dielectric constant, inasmuch as the strong, superimposed 
field, in itself, will have brought the mean electric moment of the liquid 
molecules nearer the electrical saturation value. 

Usually we are not concerned with electrical saturation effects because 
of the small field intensities. In the presence of ions, however, the elec- 
trical saturation effects are of importance. In the case of water as the 
solvent containing a number of ions we have the equation 

E = c/r^c 

^ This article is part of a thesis submitted to the Graduate School of Indiana 
University by Robert C. Gore in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, June, 1933. 
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where E is the field intensity, e is the ionic charge, r is the ionic radius, 
and « is the dielectric constant. If we take r ** 10~’ cm., < = 80, and e 
= 4.77 X 10“** we get 


4.77 X 10~*» 
80 X 10-“ 


590 B.s.u. 


or 177,000 volts per centimeter, which is a great enough field intensity to 
cause appreciable saturation effect. 

* If the solution contains a number of ions, there will be a region around 
each ion containing electrically saturated water. If now a small field is 
superimposed in order to measure the dielectric constant of the sohition, 
there will be, around the ions, regions of water molecules which cannot be 
oriented because of electrical saturation. Consequently, we may think 
of the solution as containing cavities of dielectrically inactive material. 
The radii of these cavities will depend upon the extent of the electrical 
saturation. 

If ethyl alcohol is used as the solvent, owing to its less ability to absorb 
or dissipate energy as evidenced by its lower dielectric constant, the satura- 
tion effect caused by a single ion is greater. In this case 

4.77 X 10”“ 

aD » 2070 B.s.u. » 594,000 volts per cm. 

24 X 10-“ 


Provided that there are the same number of ions in the alcoholic solution 
as in the water solution, the effect of electrical saturation would be ap- 
proximately four times as great in alcohol as in water. 

An approximate picture of what takes place around each ion and 
throughout the solution has been drawn by Debye. For small concentra- 
tions of ions in aqueous solutions, experiments seem to indicate that the 
apparent dielectric constants of solutions containing ions dimini^ with 
the increasing concentration and e*, the apparent dielectric constant, may 
be expressed by an equation such as: 

e* = c (1 — yC) 

where e is the dielectric constant of the pure solvent, C is the concentration 
in moles per liter, and 7 is a constant dependent upon the ionogen and the 
solvent. 

The decrease of the apparent dielectric constant of the solution from that 
of the pure solvent can be accounted for by the introduction of highly 
charged ions, which electrically saturate the solvent and produce cavities 
of dielectricaJly inactive solvent throughout the main body of the solution. 
As the number of ions increases, however, a minimum in the apparent, or 
macroscopic, dielectric constant is reached, and then an increase is ob- 
tained. This increase can be thought of as due to the formation of 
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electrical doublets or ionic dipoles between the ions as they increase in con- 
centration and thus are forced into closer proximity. Several investiga- 
tors have measured the dielectric constants of solutions of electrolytes by 
several methods and have obtained results which, in general, follow the 
theory only qualitatively. There are some exceptions to the theory even 
in qualitative agreement of the experimental results. The theory calls 
for a minimum in the apparent dielectric constant. Carman (4), however, 
in checking the results of Bliih (2) finds that urea continuously increases 
the apparent dielectric constant of an aqueous solution as the concentra- 
tion is increased. Carman has also studied the effect of binary salts such 
as barium chloride and has found that their behavior is much more com- 
plex than the theory of Debye and Walden would lead one to believe. 
Other investigators have found points of inflection in the curves of other 
electrolytes dissolved in water. 

It has been our purpose to determine the effect of the concentration of 
various ionogens on the apparent dielectric constant of alcoholic and, in 
some cases, benzene solutions. The relatively low conductivity, as com- 
pared with water solutions, of alcoholic solutions was expected to decrease 
the difficulties of measurement to such an extent that common methods of 
measuring the dielectric constants of solutions, with proper precautions, 
could be employed. 


EXPERIMENTAL METHOD 

At present impedance bridge networks and resonance or heterod 3 me 
circuits are used to measure the dielectric constants of liquids. We used 
both systems to obtain some of our measurements, but we made most of 
them with an impedance bridge. This bridge was an equal-arm, 1000- 
cycle, Vreeland oscillator-actuated network constructed from Leeds and 
Northrup^s parts according to the principles laid down by Jones and 
Josephs (7). The precautions mentioned by Ball (1) were observed also. 

Three cells were used for the measurements. The cell used in most of 
the measurements was made of two concentric platinum cylinders 70 x 12 
mm. and 70 x 16 mm. enclosed in a Pyrex bulb fitted with side arms for 
filling and suitable mercury cups for electrical contact. The capacitance 
of this cell was determined by calibration with benzene, having a dielectric 
constant of 2.2725, and was found to be 24.3887 mmf. The second cell 
was a silver-plated, radio, variable condenser mounted so that no solid 
dielectric came into contact with the solutions. The third cell was a 
slightly modified copy of Ball's (1) best cell. During all measurements, 
the cells were immersed in a constant-temperature bath filled with water 
or transformer oil at 25®C. 

All readings of refractive index were made with a Pulfrich refractometer 
and are for the D line of sodium. 
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FUBmCATION OF MATEBIALS 

The absolute alcohol was made from commercial 95 per cent alcohol by 
three treatments with lime, which was activated by heating the hydrated 
lime in an electric furnace to just below the sintering temperature. The 
aldehydes were removed by lead acetate or by sodiu m hydroxide and lead 
dioxide. When the alcohol was ready to be used, it was first distilled 
through a four-bulb fractionating column in order to remove the major por- 
tion of lime. It was then fractionated twice through a sixteen-bulb Young 
fractionating column, the first and last fractions being discarded. The 
purity of the alcohol was determined through the use of Schiff’s reagent, 
aliuninum ethylate, and transformer oil and by the measurement of its 
dielectric constant and refractive index. Various other methods of puri- 
fication were tried, but none yielded as pure a product as the one used. 

The anhydrous benzene was prepared from Mallinckrodt’s crystallizable 
thiophene-free benzene by adding 20 g. of phosphorus pentoxide per liter 
and allowing the mixture to stand for several months. The anhydrous 
benzene was distilled from the phosphorus pentoxide and twice fraction- 
ated through a sixteen-bulb Young column, only the middle fraction being 
saved. The boiling points were determined and checked against the varia- 
tions of the vapor pressure with temperature as given by Smith and 
Menzies (8). 

The various solutes were either from the Eastman Kodak Company or 
from Dr. Theodor Schuchardt and were the purest obtainable. Their 
purity was checked by determinations of their melting points. Each 
solute was dried over phosphorus pentoxide, over calcium chloride, or in a 
vacuum. Solids having a sufficiently high melting point were dried in an 
electric oven at llO^C. for several hours. 

FBEPABATION OF SOLUTIONS 

A 0.1 molar solution of each solute was prepared by weight. Other 
concentrations were prepared from these solutions by careful dilution. 
All solutions were kept in desiccators until they were measured, which 
was as soon as possible after preparation. 

BESULTS 

The results of the measurement of the dielectric constants of alcohol and 
benzene solutions of various organic acids are given in tables 1 and 2. The 
dielectric constants are referred to air as unity and are probably correct 
to the first decimal place, and in some instances are correct to the second 
decimal. The dielectric constants of solutions exhibiting values above 30 
are not as accurate as the lower values, owing to errors introduced in as- 
suming that the equivalent shunt capacitance of the cell is its true capaci- 
tance when the parallel resistance becomes relatively small, which is the 
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TABLE 1 


Dielectric comiania of solutions of organic acids in ethyl alcohol 


CONCBNTRATION OF ACID IN MILLIGBAM>MOI.B8 PBR LITBR 


ACID 



jjllllQB 

1 

5 

10 

15 1 

20 

50 

100 

Benzoic 

24.47 

25.34 


25.57 




26.73 

w-Chlorobenzoic 

24.31 

27.12 


50.77 

78.70 

111.5 


>110 

o-Chlorobenzoic 

24.18 

24.35 

25 29 

24.74 

25 21 

25 97 


34.70 

p-Chlorobenzoic 

24.43 

24 33 

24.72 

24 36 

24.51 


26.97 

28.02 

p-Nitrobenzoic 

24.34 

24.81 

25.36 

25.70 

26 72 

28.78 

39 04 

56 87 

o-Nitrobenzoic 

24.27 

24.85 

25.26 

26.37 

27.88 

29.14 

42.16 

69.23 

m-Nitrobenzoic 

24 21 

24.77 

26.34 

29.10j 

32.72 

37.37 

74 22 

>115 

p-Aminobenzoic (impure 









alcohol) 

26.39 

26 43 

26.54 

26 51 

26 59 

26.72 

26 94 

28 72 

m>Aminobenzoic 

24.81 

25.37 

26.32 

29 18 

30 58 

33.71 

61.75 

>115 

O'Aminobenzoic 

26.21 

27.43 

29 04 

31.90 

34.72 

38.94 


>115 

p-Hydroxybenzoic 

24.79 

24 99 

27.84 

33.12 

38 47 

44.48 

96.00 

>115 

m-Hydroxybenzoic 

23.91 

25.411 

25.54 

25 90 

26 05 

26.63 

28.31 

32 98 

o-Hydroxy ben zoic 

24.24 

25.73 

24.46 

24 56 

24.76 

25.09 

26.70 

30 85 

o-Toluic 

24.361 

24.22 

24.50 

24.831 

24 83 

26 06 

27.21 

30 83 

m-Toluic 

24.43 

24.68 

31.32 

45.82 

64 25 

81.44 


>156 

p-Toluic 

24 09 

24.37 

24 6 

24.79 

25 05 

24 81 

26 54, 

29.38 

Propionic i 

24.30 

24 21 

24.40 

24 36 

24.66 

24.65 

25.28 

25 28 

n-Butyric 

24.20 

24.39 

24.28 

24 08 

24.46 

24.36 

24.57 

25 12 

Isobutyric 

24 30 

24 34 

24.40 

24.58 

24.74 

24.56 

24.71 

25.53 

n- Valeric 

24 42 

24 43 

24 32 

24 18 

24 46 

24.36 

24.79 

25 61 

Isovaleric 

24 38 

24.34 

24.26 

24 35 

24 34 

i 24.54 

24 73 

25 37 

n-Caproic 

24 27 

24 48 

24 34 

24 44 

24 44 

24 44 

25 61 

27 43 

Isocaproic 

24.29 

24.37 

24.08 

24.65 

24 83 

25 08 

26.85 

32.86 

Acetic 

24.37 

24 36 

1 

24 57 

24 81 

25.10 

24 99 

25 37 

26.24 


TABLE 2 


Dielectric constants of solutions of acids in benzene 


CONCBKTRATION OP ACIDS 
IN MIIXIGKAM-MOLIIS 
PBR UTBR 

m-NXTBOBBNZOtC AaO 

m^TOLUlC ACID 

ISOCAPROIC ACTD 

0 

2.273 

2 273 

2.273 

5 



2 274 

10 

2.288 

2 281 

2 274 

15 



2 273 

20 

2 305 

2 282 

2 273 

50 


2 283 

2 279 

68.07 

2 377 



100 


2 289 



case with the more highly conducting solutions. Even in the extreme 
cases, with very high dielectric constants, the error should not be greater 
than 2 or 3 per cent. 
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CONCXTTSIONS 

We find that ten of the solutes show, with increasing concentrations of 
their solutions, minima in the values of the dielectric constants. These 
ten solutes also show minima in the values of the refractive index and 
maxima in the values for the balancing resistances at the concentrations 
exhibiting the minima in the dielectric constants. Tables of these values 
have not been included for lack of space. Four other solutions show 
minima in the dielectric constants and refractive indices or resistances, but 
not in all three of these variables. 


TABLE 3 

Dielectric conaiante of solutions of organic acids 


AGIOS SHOWING MllflMA IN THH CONCBNTBATXOK, 
oihluctkic constant, rbpractivb indbx, and 
RBSISTANCB FUNCTIONS 

ACIDS SHOWING NO MINIMA IN THBSB 
FUNCTIONS 

o-Chlorobenzoic, D.E.K., R.L, R. 
p-Chlorobenzoic, D.E.K., R.I., R. 
p-Aminobenzoic, D.E.K., R.I. 
o-Hydroxybenzoic, D.E.K., R.L, R. 
o-Toluic (?), D.E.K., R.L 
p-Toliiic, D.E.K., R.I., R. 

Propionic, D.E.K., R.I., R. 
n-Butyric, D.E.K., R.L, R. 
leobutyric, D.E.K., R.I., R. 
n-Valeric, D.E.K., R.I., R. 

Isovaleric, D.E.K,, R.L, R. 
n-Caproic, D.E.K. (?) 

Isocaproic,, D.E.K., R.I. 

Acetic, D.E.K., R.L, R. 

Benzoic 

w-Chlorobenzoic 

p-Nitrobenzoic 

o-Nitrobenzoic 

m-Nitrobenzoic 

m>Aminobenzoic 

o-Aminobenzoic 

p-Hydroxybenzoic 

w-Hydroxybenzoic 

w-Toluic 

Benzene solutions 

Benzene solutions 

Isocaproic, D.E.K., R.L, R. 

w-Nitrobenzoic 

m-Toluic 

Benzoic 


Ten acids show no minima in the dielectric constants of their solutions 
with increasing concentration. One solution of one acid in benzene shows 
minima in the dielectric constant, the refractive index, and the resistance. 
Three acid solutions in benzene show no minima with increasing con- 
centration. These results are shown in table 3. 

From these results our only conclusion concerning the validity of the 
electricsd saturation theory for acids in ethyl alcohol and benzene solutions 
is that, although the theory may hold qualitatively in some instances, it 
does not hold quantitatively. 

It is interesting to note that the meta-substituted benzoic acid solutions 
do not show minima in any case. The values for the dielectric constants 
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of solutions of meta-substituted acids are greater than the corresponding 
values for the ortho- and para-isomers. 

All of the solutions of the aliphatic acids showed minima, even isoca- 
proic acid dissolved in benzene. The stronger acids, as determined by 
Bright and Briscoe (3), did not show minima to any greater extent than 
did the weaker acids. 

The 0 - and m-aminobenzoic acids showed no minima, while the para- 
isomer showed a slight minimum. In this case, however, the solutions of 
the para acid were measured by the heterodyne method and, in view of 
their conductances, their dielectric constants were subject to error. The 
change in the dielectric constant of the alcohol, due to the addition of 
equivalent quantities of the o- and m-aminobenzoic acids, was not the 
same for both isomers, as was found to be the case in water solutions by 
Hedestrand (6), who failed to obtain an increase in the dielectric constant 
of water by the addition of these three aminobenzoic acids. 

It must be remembered that the electrical saturation theory is based 
upon the existence in solution of free ions carrjdng electrical charges. 
The theory has been developed from a physical viewpoint and is admittedly 
highly hypothetical. From our data it is obvious that the physical view- 
point is entirely inadequate in the case of acids dissolved in alcohol and 
even in benzene. 

Other factors which would tend to change the picture as presented by 
the physical viewpoint would be: the possibility of the production of 
dipoles made up of the hydrogen ions from the acids and the hydroxyl 
part of the alcohol; the formation of vrater and ester molecules, although 
all determinations were made immediately after the preparation of the 
solutions (this is not a factor in the case of benzene solutions of the acids) ; 
the production of dipoles between the C 2 H 50 HJ ion and the negative 
acid radical; and the possibility that ionization is very slight and is offset 
by the preponderance of the undissociated molecules having large electric 
moments. 

Inasmuch as it is difficult to find in the literature accurate values for the 
dielectric constant and refractive index of ethyl alcohol, it is of interest 
to report the following figures obtained from twenty-four samples of alco- 
hol: ^electric constant = 24.331 at 25®C., and = 1.35921. 
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INTRODUCTION 

This and a previous investigation (10) were undertaken to obtain data 
to be used in the study of distillation of ternary mixtures. The densities, 
surface tensions, viscosities, refractive indices, and specific heats for the 
ternary system ethyl alcohol-glycerin-water are reported in this paper. 
A later paper will contain latent heats, boiling points, vapor pres- 
sures, and liquid-vapor composition data for the two ternary systems. 

Densities (4), specific heats (13), refractive indices (11), and viscosities 
(19) of the binary system glycerin-water have been determined previously 
by various experimenters. The binary system ethyl alcohol-water has 
been investigated by Bose (6), w’ho determined specific heats, and by 
Winkler (22) for density. This investigation includes the determination 
of densities, surface tensions, viscosities, refractive indices, and specific 
heats of the ternary system ethyl alcohol-^lycerin-water. 

EXPERIMENTAL 

Materials, Glycerin of the c.p. grade was purified by repeated distilla- 
tion under reduced pressure, c.p. ethyl alcohol was treated successively 
with metallic calcium, sodium hydroxide, and finally with metallic sodium, 
and distilled after each addition. The water was treated with potassium 
permanganate and distilled; then treated with barium hydroxide and 
distilled repeatedly. The physical constants of the purified materials are 
given in table 1. 

Preparation of samples. The samples were prepared on a weight per 
cent basis in increments of 10 per cent. The composition of these samples 
is shown in table 2. 

Apparatus. Densities were determined by using a Geissler pycnometer. 
An Ostwald-Poiseuille viscosimeter (23) was employed for the determina- 
tion of viscosities. The surface tension was measured by means of the 

^ Presented before the Division of Physical and Inorganic Chemistry at the 
Mid-West Regional Meeting of the American Chemical Society, October 31 to Novem- 
ber 2, 1035. 
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rise in a capillary tube (21). An Abb4 refractometer (1) was used in 
obtaining refractive indices. Specific heats (17) were determined by in- 
troducing a measured quantity of electricity into the liquid and recording 
the temperatime rise. A portable watt-second meter (Sangamo Electric 
Co.) and a thermometer with 0.1® graduations were used to determine 
these values. A carbon resistor was used as a heating element. This 
apparatus was inclosed in a silver-plated glass tube surrounded by an 
evacuated jacket. 


TABLE 1 

Physical comtanis of purified materials 


MATERIAL 

DSNSITT 

VXSOOSITT 

SURFACB I 

TBNSION 

BXrRACTZVli 

INDEX 

BPECirXC BEAT 

Ethyl al- 
cohol 

0.7851* 
0.78506 {14)t 
0.78510 (22) 

1.10* 

1.101 (9) 

22.0* 

22.03 (3) 

1.3696* 
1.35941 (2) 

0.536* 

0.54 (16) 

Glycerin 

1.2580* 

1.2580 (4) 
1.25802 (6) 

934* 

945 (19) 

62.5* 

63.0 (8) 

1.4729* 
1.4730 (11) 

0.656* 

0.541 (13) 
0.589 (13) 

Water 

0.99707 
0.99707 (20) 
0.99707 (7) 

0 893 

0.894 (12) 
0.893 (18) 

72.0 

72.0 (16) 

1.3332* 
1.3325 (15) 
1.3333 (10) 

1.00 


* Author’s experimental values. 

t The numbers in parentheses refer to the bibliography. 


DISCUSSION 

The results of the experimental work are shown in table 3. From the data 
obtained, both binoidal and triangular diagrams have been drawn for each 
physical property. The binoidal curves are plotted with the composition 
of the sample on the abscissa versus the particular property under con- 
sideration as the ordinate. The constant property lines on the triangular 
diagrams were prepared from the binoidal curves. 

Relative density. Figure 1 is a binoidal graph of the relative densities 
against composition. The line representing the densities of the ethyl 
alcohol-water system curves upward, indicating a decrease in volume upon 
mixing. These values agree with those of Winkler (22). The densities 
of the ethyl alcohol-glycerin system lie between the values for alcohol 
and glycerin, but likewise show a decrease in volume upon mixing. The 
water-iglycerin curve slopes downward, denoting a slight increase in volume 
when mixed, agreeing with Bosart and Snoddy (4). 

The constant per cent glycerin curves and the constant per cent ethyl 
alcohol curves show a curvature similm' to the ethyl alcohol-water and the 
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glycerin-water curves, respectively. The characteristic curvature of the 
lines on the triangular diagram (figure 2) is to be expected because of the 
change in volume when the different components are mixed. 


TABLE 2 

Composition of the samples 


SAMPLE 

NUMBER 

WEKiHT 

PERCENT 

GLYCERIN 

WEIGHT PER 
CENT ETHYL 
ALCOHOL 

WEIGHT PER 
CENT WATER 

SAMPLE 

NUMBER 

WEIGHT 
PER CENT 
GLYCERIN 

WEIGHT PER 
CENT ETHYL 
ALCOHOL 

WEIGHT 
PER CENT 
WATER 

1 


100 


34 

50 

10 

40 

2 

100 



35 

40 

10 

50 

3 



100 

36 

30 

10 

60 

4 


10 

90 

37 

20 

10 

70 

5 


20 

80 

38 

10 

10 

80 

6 


30 

70 

39 

70 

20 

10 

7 


40 

60 

40 

60 

20 

20 

8 


50 

50 

41 

50 

20 

30 

9 


60 

40 

42 

40 

20 

40 

10 


70 

30 

43 

30 

20 

50 

11 


80 

20 

44 

20 1 

20 

60 

12 


90 

10 

45 

10 

20 

70 

13 

90 


10 

46 

60 

30 

10 

14 

80 


20 

47 

50 

30 

20 

15 

70 1 


30 

48 i 

40 

30 

30 

16 

60 


40 

49 

30 

30 

40 

17 

50 i 


50 

50 

20 

30 

50 

18 

40 


60 

51 

10 

30 

60 

19 

30 1 


70 

52 

50 

40 

10 

20 

20 


80 

53 

40 

40 

20 

21 

10 


90 

54 

30 

40 

30 

22 

10 

90 


55 

20 1 

40 

40 

23 

20 

80 


56 

10 

40 

50 

24 

30 

70 


57 

40 

50 

10 

25 

40 

60 


58 

30 

50 

20 

26 

50 

50 


59 

20 

50 

30 

27 

60 

40 


60 

10 

50 

40 

28 

70 

30 


61 

30 

60 

10 

29 

80 

20 


62 

20 

60 

20 

30 

90 

10 


63 

10 

60 

30 

31 

80 

10 

10 

64 

20 

70 

10 

32 

70 

10 

20 

65 

10 

70 

20 

33 

60 

i 10 

30 

66 

10 

80 

10 


Surface tension. The curve (figure 3) representing the binary system 
ethyl alcohol-glycerin is smooth but rises abruptly from the 80 per cent 
glycerin composition. The constant per cent water lines have the same 
characteristic curvature. 

The surface tensions of the water-glycerin mixtures are between the 
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TABLE 3 


Physical properties 


AAlfPLS NUlfBBB 

DXM8XTT 

VISCOSITY 

BUBFACB 

TBNSZON 

BBVBACTIVB 

ZNDXX 

SPBCinC HBAT 

1 

0.7861 

1.10 

22.0 

1.3596 

0.637 

2 

1.2627 

934.0 

62.5 

1.4729 

0.555 

3 

1.0000 

0.893 

72.0 

1.3332 

1.000 

4 

0.9833 

1.33 

46.6 

1.3399 

1.036 

5 

0.9692 

1.76 

37.7 

1.3453 

1.040 

6 

0.9535 

2.13 

32.3 

1.3510 

0.995 

7 

0.9342 

2.34 

29.6 

1.3552 

0.964 

8 

0.9125 

2.33 

28.3 

1.3687 

0.915 

9 

0.8895 

2.24 

26.9 

1.3610 

0.859 

10 

0.8659 

2.04 

26.1 

1.3628 

0.784 

11 

0.8415 

1.72 

25.2 

1.3630 

0.700 

12 

0.8160 

1.41 

24.4 

1.3624 

0.618 

13 

1.2356 

155.6 

64.5 

1.3472 

0.579 

14 

1.2089 

55.8 

65.7 

1.4435 

0 610 

15 

1.1819 

18.5 

66.5 1 

1.4281 

0.665 

16 

1.1545 

9.38 

66.9 

1.4145 

0.716 

17 

1.1272 

5.34 

67.4 

1.3992 

0.770 

18 

1.1003 

3.18 

67.9 

1.3858 

0.810 

19 

1.0738 

2.14 

68.5 

1.3708 

0.870 

20 

1 1.0484 

1.54 

69.5 

1.3582 

0.930 

21 

1.0237 

1.09 

70.5 

1.3451 

0.967 

22 

0.8199 

1.52 

22.9 

1.3701 

0.550 

23 

0.8566 

2.23 

23.9 

1.3799 

0.550 

24 

0.8947 

3.49 

24.2 

1.3898 

0.549 

25 

0.9368 

5.83 

25.4 

1.4005 

0.548 

26 

0.9806 

10.4 

26.1 

1.4109 

0.550 

27 

1.0288 

20.6 

27.7 

1.4226 

0.549 

28 

1.0797 

45.3 

29.6 

1.4344 

0.549 

29 

1.1366 

103.3 

32.7 

1.4470 

0.551 

30 

1.1932 

254.0 

38.9 

1.4597 

0.552 

31 

1.1724 

74.6 

40.4 

1.4462 

0.581 

32 

1.1484 

26.2 

39.9 

1.4321 

0.622 

33 

1.1212 

14.1 

40.4 

1.4193 

0.675 

34 

1.1004 

7.42 

41.3 

1.4063 

0.741 

35 

1.0776 

4.75 

42.7 

1.3917 

0.790 

36 

1.0514 

3.13 

44.0 

1.3769 

0.856 

37 

1.0270 

2.22 

45.4 

1.3639 

0.921 

38 

1.0025 

1.69 

46.4 

1.3511 

0.966 

39 

1.1165 

41.1 

32.7 

1.4343 

0.588 

40 

1.0988 

16.9 

33.5 

1.4220 

0.635 

41 

1.0753 

9.29 

34.6 

1.4096 

0.681 

42 

1.0525 

5.91 

34.9 

1.3961 

0.735 

43 

1.0318 

4.04 

35.1 

1.3827 

0.810 

44 

1.0101 

2.92 

35.9 

1.3705 

0.885 

45 

0.9882 

2.20 

37.0 

1.3573 

0.953 

46 

1.0618 

19.50 

30.4 

1.4235 

0.591 
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47 

1.0460 

10.80 

30.1 1 

1.4112 

0.644 

48 

1.0273 

6.63 

31.3 


0 690 

49 

1.0090 

4 60 

31.6 

1.3871 

0 754 

50 

0.9888 

3.47 

32.0 

1.3749 

0 831 

51 

0.9690 

2.69 

32.8 

1.3631 

0.910 

52 

1.0149 

12.3 

28.8 

1.4120 

0.592 

53 

0.9984 

7.04 

28.9 

1.4006 

0.642 

54 

0.9821 

4.73 

28.9 

1.3900 

0.702 

55 

0.9655 

3.57 

29.6 

1.3787 

0 775 

56 

0.9486 

2 84 

29.9 

1.3672 

0.860 

57 

0.9670 

6.63 

27.2 

1.4011 

0.591 

58 

0.9553 

4.59 

1 28.0 

1.3907 

0.648 

59 

0.9430 

3.52 

27.5 

1.3810 

0.720 

60 

0.9272 

2 78 

28.3 

1.3700 

0.809 

61 

0.9282 

4.26 

26.3 

1.3911 

0.582 

62 

0 9143 

3 26 

26 3 

1.3817 

0 660 

63 

0.9016 

2.59 

27.0 

1.3717 

0.741 

64 

0.8889 

i 2 88 

24.5 

1.3812 

0 610 

65 

0.8796 

2 36 

25 6 

1.3721 

0 677 

66 

0.8505 

2 00 

24.6 

1.3720 

0.616 


BURFACS 

TEKSION 


HEFRACnVB 

INDEX 


SPECIFIC HEAT 


BAIIPUB NUMBER 



WEIGHT PERCENT WATER WATER ETHYL ALCOHOL 

Fig. 1 Fig. 2 

Fig. 1. Relative density glycerin-ethyl alcohol-water at 25°C. 

Fig, 2, Relative density glycerin-ethyl alcohol-water at 25®C‘ 
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Fig. 3 Fig. 4 

Fig. 3. Surface tension glycerin-ethyl alcohol-water at 25°C. 
Fig. 4. Surface tension glycerin-ethyl alcohol-water at 25°C. 



Fig. 5 Fig. 6 

Fig. 5. Refractive index glycerin-ethyl alcohol-water at 25®C. 
Fig. 6. Refractive index glycerin-ethyl alcohol-water at 25**C. 
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Fia. 7. Viscosity glycerin-ethyl alcohol-water at 25 ®C. 
Fig. 8. Viscosity glycerin-ethyl alcohol-water at 25 ®C. 




Fig. 9 Fig. 10 

Fig. 9. Specific heat glycerin-ethyl alcohol-water at 25 ®C. 
Fig. 10. Specific heat glycerin-ethyl alcohol-water at 25 ®C. 
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viBrlues for the pure components; they lie on a smooth curve but not in a 
straight line. 

In jSgure 4 the line representing compositions having a surface tension 
of 34.0 is a straight line. The lines on either side are convex with respect 
to this constant property line. 

Refractive index. The refractive indices are shown graphically in figure 
5 and figure 6. The values of the alcohol-water mixtures lie on a smooth 
curve reaching a maximum at 80 per cent alcohol. The constant per cent 
glycerin lines show similar maximum points. 

The glycerin-water values curve slightly but are intermediate between 
the refractive indices of the pure components. The constant per cent 
water lines have the same curvature as the glycerin-alcohol curve. The 
constant property lines in figure 6 show a si m ilar curvature throughout. 

Viscosity. Because of the high viscosity of glycerin, namely 945 centi- 
poises (19), when compared to that of alcohol and water, the curves show- 
ing viscosities include only those samples whose glycerin percentages are 
below 40 per cent. In figure 7 the alcohol-water mixtures have maximum 
viscosity at 50 per cent alcohol. The constant per cent glycerin curves 
show similar manmum points. These maxima explain the shape of the 
lines in figure 8. 

Specific heat. Figure 9 shows the specific heat of the system plotted 
against composition. The specific heat of the watcr-alcohol system 
reaches a maximum at 80 per cent water and drops on a smooth curve to 
pure alcohol. The glycerin-alcohol line is almost straight. The constant 
per cent glycerin lines show similar curvature, but approach straight lines 
at 60 per cent glycerin. 

The slopes of the lines on the ternary diagram (figure 10) are explained 
by the constant per cent glycerin lines reaching a maximum. 

CONCLUSION 

Densities, surface tensions, viscosities, refractive indices, and specific 
heats for the ternary system glycerin-ethyl alcohol-water have been de- 
termined. Both binoidal curves and ternary diagrams have been prepared 
for each property and are included in this paper. 
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In an extensive study regarding the postprecipitation of zinc sulfide with 
mercuric sulfide to be reported in this journal, it was found that the zinc 
sulfide could not be completely removed from the mixed precipitate by 
extraction with 3 N hydrochloric acid at room temperature. This sug- 
gested a possible mixed crystal formation of zinc sulfide with mercuric 
sulfide. Such a view was supported by an x-ray investigation described 
in this paper. 

X-ray diagrams were made by the powder method, using a Siegbahn 
(15) metal x-ray tube with a copper target as the source of the x-rays. 
The finely divided materials investigated were coated on a copper wire 
0.6 mm. in diameter by means of collodion. The pattern thus obtained 
from the copper wire provided a means of calibrating the photographic film. 
The lattice constant (a) of copper was taken to be 3.61 A.U. (6), and upon 
this value arc based the corrections applied to observed values of the angles 
of reflection. In calculating lattice constants, only lines due to the 
Ka radiations of copper were considered. 

MERCURIC SULFIDE 

Mellor (13) lists four different forms in which mercuric sulfide may exist. 
Three of these are crystalline, w^hile black amorphous mercuric sulfide is 
given as the fourth. Of the three crystalline forms reported, the existence 
of two, namely a-HgS or ordinary red cinnabar and a'-HgS or black meta- 
cinnabar, is unquestioned; these two forms have been known for a long 
time to exist in nature. The third crystalline form listed by Mellor is 
the supposed new form reported by Allen and Crenshaw (1), which is 
not found in nature and which is a red hexagonal form differing from cinna- 
bar. Allen and Crenshaw based their report of the existence of this new 
modification on evidence gained by microscopic examination. Kolk- 

^ This article is based upon a thesis submitted by R. Moltzau to the Graduate 
School of the University of Minnesota in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, June, 1935. 
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meijer, Bijvoet, and Karssen (9), emplo 3 dng the powder method of x-ray 
investigation, found none of the modifications described by Allen and 
Crenshaw to contain crystals different from the ordinary black and red 
forms. 

Cinnabar is the most commonly occurring natural form, and was con- 
sidered by Allen and Crenshaw (1) to be the most stable modification at all 
temperatures up to the sublimation temperature (580®C.). Rinse (14), 
however, found that vapor pressure data indicated the existence of a 
transition point at about 386®C., above which the black form was the stable 
modification. The change in color from red to black, which takes place 
when cinnabar is heated under certain conditions, has been observed and 
reported by other investigators (1, 16). 

The structure of red trigonal cinnabar has been determined by Mau- 
guin (12) using the Bragg method of x-ray analysis, by which the dimen- 
sions of the unit cell were found to be: a = 6 = 4.15 A.U., c = 9.51 A.U. 
It was found that with a slight deviation, the particles were arranged on a 
rhombohedral lattice. The work was later confirmed by Kolkmcijer 
and coworkers (9), using the Debye-Scherrer method of x-ray analysis. 

The structure and properties of natural and artificial black metacinna- 
barite have been investigated by various workers (7, 9, 10). There is 
entire agreement that the black form usually precipitated from acid solu- 
tion is identical in structure with that of naturally occurring metacinna- 
barite, the atoms of mercury and sulfur being arranged on a face-centered 
cubic lattice of the zinc blende type. The edge of the unit cell is listed by 
Wyckoff (18) as 5.84 A.U. In agreement with this value the authors 
likewise determined the lattice constant to be 5.84 A.U. 

Mercuric sulfide freshly precipitated from acid medium exists as very 
imperfect submicroscopic crystals. While B6hm and Niclassen (3) re- 
port that mercuric sulfide precipitated at 0®C. gave at once a sharp in- 
terference pattern, it was found in this work that under the conditions of 
radiography employed only a few diffuse interference maxima were ob- 
tained. The period of aging necessary before the precipitate achieves a 
condition making possible a clear pattern was, however, found to be rather 
short. Mercuric sulfide precipitated from a medium which was quite 
strongly acid (2 N sulfuric acid) and aged in the supernatant liquid for 
three days at room temperature yielded a well-defined diffraction pattern 
characteristic of the cubic metacinnabar form. 

In general, black cubic mercuric sulfide undergoes upon aging a trans- 
formation to the red cinnabar form. The observation has previously been 
made that the red modification is readily formed by digestion of the black 
gel with soluble alkali sulfides. According to Weiser (17) this process 
consists in the solution of the black form, with subsequent precipitation of 
the less soluble red form, although no experimental proof has been given 
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that such a mechanism is the actual case. It was found in this work that 
alkalinity is not a necessary condition for the formation of the red form, 
but that transformation occurs upon aging in the supernatant liquid at 
room temperatures even in quite strongly acid medium. However, the 
speed of transformation decreases with increasing acidity. If the mercuric 
sulfide is precipitated from a neutral solution of the perchlorate and al- 
lowed to age in the resulting supernatant liquid saturated with hydrogen 
sulfide, transformation to the trigonal form as indicated by the color change 
of the precipitate is apparent within a few hours and is apparently com- 
plete within a day or two, whereas in more strongly acid solution (2 to 3 
N sulfuric acid) a week or so will elapse before the change becomes con- 
vincingly apparent. Proof of the transformation and of the identity of 
the crystal forms involved was obtained by x-ray methods, as well as by 
visual observation of the color changes taking place. Transformation 
in case the precipitate is suspended in pure water or in dilute ammonium 
hydroxide was not detected. From the observations made, it is apparent 
that conversion from the cubic to the hexagonal form is hastened by low 
hydrogen-ion concentration, high concentration of hydrogen sulfide (or 
sulfide ion), and by higher temperatures of the supernatant liquid in which 
aging takes place. The presence of certain substances, such as potassium 
iodide and sodium acetate, was found to retard the transformation, as did 
likewise the presence of postprecipitated zinc sulfide. In the light of the 
proven occurrence of mixed crystal formation exhibited by mercuric 
sulfide and postprecipitated zinc sulfide, the fact that the latter inhibits 
the transformation of the former is construed as indicative of a stabiliza- 
tion of the metacinnabar form by virtue of the presence of zinc sulfide 
in the lattice. 


ZINC SULFIDE 

Two different crystal modifications of zinc sulfide are known to exist in 
nature. The regular form, or zinc blende, is by far the more abundant 
and is the stable form at ordinary temperatures, passing to the hexagonal 
or wurtzite form at or above the conversion point of 1020°C. (1). Wyckoff 
gives the lattice constant of the zinc blende form as 5.43 A.U. Values 
reported in the literature show a considerable deviation from this figure, 
ranging from 5.395 (4, 5) to 5.437 (10). In our work an aged precipitate 
of zinc sulfide yielded a value of 5.40 A.U. 

Bohm and Niclassen (3) report that zinc sulfide precipitated at 0®C. 
from solutions of zinc sulfate was amorphous, but that after being digested 
on a water bath for several days, an x-radiogram of the product showed 
sharp interference maxima, indicating that crystallization had taken place. 
Likewise, in the work reported here, the diffraction pattern obtained from 
a product freshly precipitated at room temperature from a 0.1 Af solution 
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of zinc sulfate at an initial acidity of 0.1 N sulfuric acid was barely visible, 
while that obtained employing a product precipitated under like con- 
ditions, but aged at room temperature for one month in the supernatant 
liquid saturated with hydrogen sulfide, was sharply defined. A marked 
change in solubility accompanying aging was also observed. In 2 AT sul- 
furic acid saturated with hydrogen sulfide, the solubility of the fresh prod- 
uct was in the neighborhood of 0.035 M, in contrast to 0.005 M for the 
aged product. Aging in the dry condition apparently does not affect 
the crystalline nature of precipitates of either zinc sulfide or mercuric 
sulfide. After existing in a dry condition at room temperature for one 
year, precipitates which had been separated from the mother liquor shortly 
after precipitation did not yield any definite diffraction pattern. 

It is generally accepted that only the more stable blende form is precipi- 
tated from alkaline solution (1, 17). However, some question arises as 
to the identity of the crsrstal form assumed by zinc sulfide precipitated 
from acid solution by the action of hydrogen sulfide. Levi and Fontana 
(11) found only the blende form to have been precipitated from solutions 
of the sulfate and acetate. Allen, Crenshaw, and Merwin (1) found by 
microscopic examination of crystals formed in sealed tubes in the pres- 
ence of the supernatant liquid at temperatures between 200® and 400®C. 
that, while only crystals of the blende structure were formed from alkaline 
solution, from acid solution both the wurtzite and zinc blende forms were 
produced. From their investigations concerning the crystalline forms 
and genetic conditions of the sulfides of zinc, iron, cadmium, and mercury, 
they drew the general conclusion that the higher the temperature, the 
greater the quantity of stable form, while the higher the acidity of the 
solution from which precipitation takes place, the greater the quantity of 
the unstable form. From this generalization they were led to predict 
that the acid concentration required to give pure wurtzite was probably 
close to neutrality at ordinary temperatures. In our work an x-radiogram 
of the aged product previously described yielded no indication of the pres- 
ence of any but the zinc blende form. The possibility of a minor percent- 
age of the wurtzite form being present is not, however, excluded on the 
basis of this evidence. 

Emplo 3 dng the values 5.84 A.U. and 5.40 A.U. as the respective lattice 
constants of metaciimabar and zinc blende, the difference is found to be 7.8 
per cent of the average value. On the basis of the work of Havighurst, 
Mack, and Blake (8) and of Barth and Lunde (2) regarding the limita- 
tions of miscibility in systems of the alkali halides and the halides of mono- 
valent copper, silver, and thallium, respectively, we should expect that at 
least a lii^ted mixed crystal formation of the sulfides of mercury and zinc 
is possible. The possibility is further strengthened by the fact that there 
is a mineral, bearing the name of guadalcazarite (Hg, Zn) (S, Se) and 
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containing about 10 mole per cent zinc sulfide, which according to Hartwig 
(7) has a lattice constant of 5.781 d= 0.006 A.U. 

TABLE 1 

Study of a predpitate of mercuric sulfide containing postprecipiiated zinc sulfide 
(Hg~Zn)S mounted on a copper wire for exposure. Copper radiation ; 30 kv. ; 10 ma. ; 
4 hours exposure. Diameter of specimen (S) ** 0.7 mm. Diameter of camera 

« 57.3 mm. 


UMB NO. 
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BXLATIVB UNB 
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26 
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TION 
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1 
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220 (Cu) 

17 

VW* 

79 9 

79 2 



K, 

311 (Cu) 

18 

W 

81 7 


81.3 

0.42437 

Ka 

f 

422 

19 

W 

87 7 


87 3 

0 47645 

Ka { 

333 

511 

20 

ms 

90.4 

90.0 



Ka 

311 (Cu) 

21 ! 

m 

95 4 ! 

95 2 



Ka 

222 (Cu) 

22 

VW 

97 3 


97 2 

0.56267 

K, 

620 

23 1 

mw 

103.7 



0 61842 

Ka 

531 

24 

mw 

114.1 


114.1 

0.70417 

Ka 

620 

25 i 

mw 

117 0 

117.0 



Ka 

400 (Cu) 

26 1 

vw 

119 1 

119.2 



K, 

420 (Cu) 

27 

s (broad) 

137 0 

136.6 



Ka 

331 (Cu) 

28 

B (broad) 

145 2 ! 

144 8 



Ka 

420 (Cu) 


sin»^ « 0.017656(/j.2 -f A;* -f l^). a = 5.79 A.U. 


• Reflection appeared only on one side of the film. 

A precipitate of mercuric sulfide containing postprecipitated zinc sul- 
fide was prepared by saturating a solution which was 0.021 M with respect 
to zinc sulfate and mercuric chloride, respectively, at an acidity of 2 AT 
sulfuric acid with hydrogen sulfide and allowing the mixture to stand for 
one month. It has been shown^ that in this precipitation the mercuric 
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sulfide is first precipitated in a pure form, zinc sulfide entering the pre- 
cipitate upon further standing. At the end of one month, the precipitate 
was filtered off, washed with water and alcohol in the order named, and 
dried over concentrated sulfuric acid at reduced pressure. The compo- 
sition of the precipitate was determined to be 39 mole per cent zinc sul- 
fide and 61 mole per cent mercuric sulfide. The specimen had the usual 
black color of metacinnabar. The diffraction pattern obtained employing 
this product is represented by the data in table 1. A precipitate consist- 
ing of 48 and 62 mole per cent respectively of postprecipitated zinc sulfide 
and mercuric sulfide precipitated from an equimolar solution of zinc 
sulfate and mercuric chloride at an acidity of 0.5 N sulfuric acid and aged 
for three days in the supernatant liquid, yielded a value for the lattice 
constant identical within experimental error with that determined em- 
ploying the first described precipitate. The diffraction pattern, however, 
was not as sharply defined in the case of the second precipitate as in the 
case of the former. 

Beferring to the table, reflections No. 3 and No. 11 present difficulties 
in their interpretation. Idhe No. 3 assumes a value of 29, which is too 
large to allow its identification as the Kg reflection from (200) planes. 
Moreover with Ka as weak as 4 and 12, one would not expect the corre- 
sponding Kf! reflections to be detectable. Reflections from pure zinc 
sulfide possessing approximately these values (No. 3 and No. 11) for 29 
are strong. Consideration of the total amount of zinc sulfide present, the 
fact that aging in the sense of increasing crystalline perfection may have 
been greatly retarded by the presence of mercuric sulfide, and finally the 
fact that many of the stronger reflections from zinc sulfide fall in positions 
very close to those occupied by lines due to the bulk of the precipitate, 
suggests an explanation as to why no definite evidence of a second phase con- 
sisting either of pure zinc sulfide or possibly of a very dilute solid solution 
of mercuric sulfide in zinc sulfide is to be found in the diffraction pattern. 

The decrease in lattice constant from 5.84 A.U. to 5.79 A.U. is a strong 
indication that mixed crystal formation occurs. By application of the 
formulation by Havighurst, Mack, and Blake (8) for the general rule of 
additivity regarding the relation between composition and change in lat- 
tice constant as applicable to mixed crystals of cubic habit, it is indicated 
that mixed crystal formation takes place to the extent of about 12 mole 
per cent zinc sulfide. 

No indication was found in this work that mixed crystals of hexagonal 
habit odst. 


SUMMAKT 

1. Aging of the sulfides of zinc and mercury in the supernatant liquid at 
room temperature after precipitation from acid solution by hydrogen sul- 
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fide results in a perfection of the crystalline state, as evidenced by increased 
clarity and sharpness of the diffraction patterns obtained. 

2. Some of the variables affecting the transformation of mercuric sulfide 
from the black cubic form of metacinnabar to the red trigonal form of 
cinnabar upon aging in the supernatant liquid have been noted. 

3. Evidence has been obtained by x-ray methods that a limited mixed 
crystal formation to the extent of about 12 mole per cent of zinc sulfide 
takes place between freshly precipitated black mercuric sulfide and post- 
precipitated zinc sulfide. 
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As part of a program of careful quantitative study of the Liesegang 
phenomenon, we have performed analyses for the ions present in both 
bands and clear spaces in a copper chromate structure in silicic acid gel. 
By removing the banded structure from the test tube and subjecting the 
sections to analyses, we have shown both copper and chromate ions to be 
present together in the lower sections of this gel without the formation of a 
precipitate. 

Very few studies of this t3rpe have been made. Earlier work by Hedges 
and Henley (1) on magnesium hydroxide made no attempt to distinguish 
between the soluble portion and the widely dispersed precipitate. Hughes 
(2) has recently made a very careful and complete survey of the distribu- 
tion of ions in a large number of different systems. Our present work 
extends and corroborates his recent findings. 

Banded structures of copper chromate were prepared by a technique 
previously described (3). After formation, these were removed from the 
tubes, cut into sections, the soluble salts extracted, and the copper, sulfate, 
and chromate ions determined. In all cases the copper and sulfate ions 
were distributed throughout the whole tube in a manner compatible with 
diffusion from the top, while the chromate ion was exhausted in all the 
upper sections. However, in most tubes both copper and chromate ions 
were found together in the lowest clear space, below which a band was just 
forming. The concentrations were such as to cause a precipitate in the 
absence of the gel. 

Since no definite information could be found on the solubility product of 
this salt, tests were made to determine whether the actual concentrations 
found did cause a precipitate in the absence of a gel. Solutions were 
made which upon mixing yielded exactly the same concentrations as found. 
Heavy precipitates formed in all cases, Additional solutions were made 
containing the exact amount of free acetic acid present in the gels, and 
also, both the acid and the large amount of sodium acetate formed in 
precipitating the silicic acid. In these cases also a precipitate formed, 
although somewhat slowly. 

For the preparation and analysis of the gels we are indebted to Mr. 
John Main. 


645 



646 


A. T. LINCOLN AND JOHN C. HILLYER 


EXPERIMENTAL 

The gels were formed from equal volumes of 1.06 sp. gr. sodium silicate 
solution and 0.65 N acetic acid solution by a technique previously de- 
scribed (3). The gels were made 0.1 ilf and 0.2 M with respect to potas- 
sium chromate. Concentrations of 0.3 M and 0.4 M copper sulfate were 
used on top. 

After the completion of the reaction the bottoms of the tubes were filed 
and cracked off. The gels were then pushed out with a rod, loosening first 


TABLE 1 

Resuits of typical analyses 


SBACTXON 

BPACB 

DZSTANCB 

PROM 

TOP 

WBIOHT 

OF 

SAMPLE 

PER CENT 
OF 

S04-~ 

PER CENT 

OF 

PER CENT 
OF 

CrO~ 




inches 

grams 

per cent 

per cent 

per cent 



Ist clear f 

A 

i 

1.3169 

0.86 

0.43 

None 



space \ 

B 

i 

1.4948 

0.87 

0 46 

None 

I. K2Cr04, 0.08 M; 



A 

1 

1 2948 

0.78 

0 39 

None 

CuSOi, 0.3 M 


18b Dauu \ 

B 

1 

1.4598 

0.79 

0 40 

None 



2nd clear f 

A 

li 

4 7322 

0 68 

0 19 

0 10 



space \ 

B 

li 

3 1824 

0.68 

0.19 

0.12 



let clear f 

A 

1 

1.0689 

0.69 

0.28 

None 



space \ 

B 

i 

1.2486 

0.69 

0.27 

None 

II. K,Cr04, 0.2 M\ 


^ ^ , 1 1 

A 

1 

1.3846 

0.58 

0.25 

None 

CuS04, 0.3 M 


Isv band i 

B 

li 

1.3519 

0.57 

0 24 

None 



2nd clear f 

A 

11 

3 8695 

0.28 

0.09 

0.19 



space \ 

B 

li 

3.4502 

0.29 

0.09 

0.18 


r 

1st clear ( 

A 

1 

1.7517 

0.83 

0.39 

None 



1 space \ 

B 

1 

1.6385 

0.83 

0.39 

None 

III. K,CrO4,0.1M; 

1 

j 

A 

1 

1 3690 

0.71 

0 35 

None 

CuS04, 0.4 M 


1st band a 

! 1 

B 

li 

1.4006 

0.73 

0.35 

None 



2nd clear f 

A 

11 

4 7593 

0.58 

0,18 

0 10 


[ 

[ space \ 

B 

li 

3 8891 

0.58 

0.20 

0.08 


by momentary immersion in hot water if necessary. The gel was then cut 
into sections by means of a razor blade. Usually two clear spaces and one 
ring were analyzed. 

Analytical procedure 

The portions selected for analysis were placed in wei^ng bottles and 
carefully weighed. The soluble salts were extracted with boiling water 
and filtered. The extraction was repeated five or six times. 

Chromate ions were first reduced by boiling with dilute hydrochloric 






ANALYSES OF LIESEGANG RINGS 


647 


acid and ethyl alcohol (4). After expelling the excess alcohol, the sulfate 
was precipitated as barium sulfate and weighed as such, according to the 
standard procedure. The filtrate from this precipitation was then treated 
with hydrogen sulfide to precipitate the copper, which was redissolved, and 
determined iodometrically. Finally, chromium was precipitated as the 
hydroxide, taking the usual precautions to eliminate excess ammonia, 
ignited to the oxide, and weighed. 

The results of typical analyses are shown in table 1. 

Precipitation in the absence of gel 

Two solutions were made containing respectively 1.416 g. and 0.756 g. 
of CUSO 4 ‘51120 in 100 ml., and two solutions containing respectively 
0.402 g. and 0.666 g. of K 2 Cr 04 . These were twdce the amounts found in 
the corresponding sections of the same gels. When equal volumes of the 
corresponding solutions were mixed, the final solutions should contain 
exactly the same concentrations as found in the gel. Heavy precipitates 
formed in both cases. 

The copper sulfate solutions of the same concentration were prepared 
containing (1) 3.0 ml. of acetic acid per 100 ml. and (2) 7.7558 g. of 
NaC2H802-3H20 and the acid as in (1). Adding these to the correspond- 
ing chromate solutions produced a heavy precipitate of copper chromate. 

SUMMARY 

By quantitative analyses of rhythmically banded copper chromate 
structures in silicic acid gel it has been shown that, while the copper and 
the sulfate ions are distributed throughout the tube in a manner to be 
expected from simple diffusion, there are present in the lower clear space 
both copper and chromate ions in moderate concentration. 

Copper chromate has been found to precipitate when the ions are pres- 
ent in the concentrations found in these spaces, even in the presence of 
the same amount of free acetic acid and of sodium acetate present in these 
gels. It appears that the presence of silicic acid inhibits the precipitation 
of this compound until higher concentrations are reached, and so aids in 
the formation of banded structures. 
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INTRODUCTION 

The experimental work described in this paper was undertaken in order 
to furnish an additional test of the applicability of the theory of Debye 
and Hiickel (2) to strong electrol3dies dissolved in mixed solvents. With 
this purpose in mind, we measured the solubility of silver acetate in vari- 
ous mixtures of water and ethyl alcohol in the presence of various amounts 
of a soluble nitrate. The nitrates used were those of lithium, sodium, 
potassium, calcium, strontium, and barium. 

The solubility of silver acetate in water at 25°C. has been determined 
by a number of investigators. We give herewith the results obtained in 
moles per liter: Raupenstrauch (10), 0.0671; Goldschmidt (3), 0.0669; 
Jaques (6), 0.0663; Hill and Simmons (4), 0.0667; Knox and Will (6), 
0.0667; MacDougall (7), 0.0664; MacDougall and Rehner (8), 0.0663. 
The value obtained in the present research w^as 0.06634. 

MATERIALS USED 

The silver acetate, obtained from Mallinckrodt, was 64.62 per cent 
silver (theoretical, 64.64 per cent) and was used without further purifica- 
tion. It was kept in black lacquered bottles and stored in the dark. 
The nitrate salts were recrystallized from ‘‘conductivity^^ water and dried 
at 150°C. The water was “conductivity^’ water, prepared by distillation 
of distilled water in a tin-lined vessel in the presence of sodium hydroxide 
and potassium permanganate. The ethyl alcohol used was approximately 
95 per cent by volume and was tested according to Murray (9). It was 
found to be free from acetone, aldehyde, other organic impurities, and 
heavy metals. It was used without further purification. 

EXPERIMENTAL PROCEDURE 

The mixed solvent was prepared by mixing weighed amounts of 95 per 
cent alcohol and conductivity water, but the exact alcoholic content of 

1 This paper gives the essential portions of the dissertation presented by Charles 
E. Bartsch to the Graduate Faculty of the University of Minnesota in partial fulfill- 
ment of the requirements for the degree of Doctor of Philosophy, June, 1935. 
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the mixture was calculated from its density. Mixtures containing ap- 
proximately 10, 20, and 30 per cent by weight of alcohol were used as 
solvents. 

Weighed amounts of the solvent and of the nitrate salt were brought 
together in a glass-stoppered flask. When the nitrate had dissolved, equal 
portions of the solution were transferred to two amber-colored glass-stop- 
pered bottles containing an excess of silver acetate. The bottles were 
sealed immediately with a heavy layer of paraffin. They were then rotated 
end over end in a water bath at 26.00 ± 0.06®C. for at least forty-eight 
hours. For the purpose of sampling, the bottles were removed from the 
rotator and clamped upright and almost completely i m mersed in the bath. 
After half an hour, the paraflhi was removed from the stopper, a siphon 
(containing a small cotton wad in the “bottle” end) was inserted in the 
liquid, and about 125 cc. of the liquid was blown by compressed air into a 
260-cc. Erlenmeyer flask, immersed as completely as was permissible in 
the water bath. The Erlenmeyer flask was fitted with a rubber stopper to 
minimize evaporation. From this flask two samples of 50 cc. each were 
withdrawn by means of an accurately calibrated pipet and weighed in 
glass-stoppered weighing bottles. Results for density and for analysis 
were accordingly obtained in quadruplicate for each concentration of 
added nitrate. 

The solutions containing 10 or 20 per cent alcohol were analyzed gravi- 
metrically for silver; all other solutions were analyzed volumetrically. 
The volumetric analysis was carried out by the Volhard method for silver 
as suggested by Professor I. M. Kolthoff. The samples were transferred 
to 250-cc. Erlenmeyer flasks, acidified with 5 cc. of concentrated nitric 
acid, and diluted to 100 cc. Then 6 cc. of ferric nitrate indicator solution 
was added. The solutions were titrated immediately with 0.04 N potas- 
sium thiocyanate to a reddish-brown coloration. The solutions were 
then shaken until the color disappeared. The titration with potassium 
thiocyanate was continued imtil a faint rose coloration remained after 
vigorous shaking. The thiocyanate solution was standardized with a 
solution containing a known amount of silver acetate. The standardiza- 
tion was checked with a solution containing a known wei^t of silver 
nitrate. 


METHODS OF EXPRESSING COMPOSITION OF THE SOLUTIONS 


If p is the fraction of alcohol in the mixed solvent, the number of moles 
of water, AToj, and of ethyl alcohol, Ntt, in 1000 g. of solvent can be found 
from the equations 




No, 


1000 (1 - p) 

18.015 

lOOOp 

46.045 


( 1 ) 
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The molar concentration, c, of a solute salt is the number of moles of the 
salt in a liter of the solution. The molal concentration, m, is the number 
of moles in 1000 g. of mixed solvent. In calculating the mole fraction of a 
component of the solution we have assumed that the dissolved silver ace- 
tate and added nitrate salt are completely ionized. If x is the mole frac- 
tion of Ag+ or of C 2 H 3 O 2 in a solution in which the molalities of silver 
acetate and added nitrate are m and m, respectively, then 


iVo, + iVo, + 2m + vm, 

where v is the number of ions obtainable on complete ionization of one 
molecule of added nitrate salt. 

The density of the solvent (alcohol-water mixture) is represented by 
do, that of the solution saturated with silver acetate and containing various 
amounts of nitrate salt by d. 


ACTIVITY COEFFICIENTS 

If /, 7, and 7c are the mole-fraction, molality, and molarity activity 
coefficients respectively of any solute then 


7 


/ 

^ 2m + m. 


7c 




mM -f m,M 
1000 


-■) 


(3) 

(4) 


M and M, are the molecular weights of silver acetate and added nitrate 
salt, respectively. 

According to Debye and Hiickel (2), the activity coefficient of a univa- 
lent ion (or of a uni-univalent salt) at 25°C. is given by the equations 


logto/ 

B 

A 


logioOfl - logioa; = 


352.61 

Df 

2.914 X 10» 

o 


BSi 

1 +AS^ 


( 6 ) 

( 6 ) 

(7) 


where D is the dielectric constant of the solvent and o is a suitable mean 
ionic diameter. In equation 5, x is the mole fraction of silver ion in a 
given saturated solution and xo is the extrapolated value of x for an ionic 
strength equal to zero; in other words, Xo is the activity of silver ion in 
any solution saturated with silver acetate. 
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The dideotric constant of an alcohol-water mixture was calculated by 
Unear interpolation from the values given by Akerldf (1). 

EXPESIUBNTAn DATA 

In table 1 we give the solubility at 26®C. of silver acetate in alcohol- 
water mixtures containing from 0 to 50 per cent ethyl alcohol. In tables 

TABLE 1 


SoluMlity at tS‘‘C. of tilver acetate in mixtures of ethyl alcohol and water 


PBR CINT 
AXiCOKOL 

DENSITY OF 
SATURATED 
SOLUTION 

MOLAR CONCEN- 
TRATION OF 
SILVER ACETATE 

FER CENT 
ALCOHOL 

DENSITY OF 
SATURATED 
SOLUTION 

MOLAR CONCEN- 
TRATION OF 
SILVER ACETATE 

0.00 

mSM 

0.0663 

25.06 

0.9616 

0.0294 

5 00 



29.82 


0.0251 

7.62 

BIH 

0.0523 

30.05 

BiH 

0.0249 

9.00 


0.0506 

40.27 

Bill 

0.0180 

15.03 

0.9784 

0.0413 

50.14 

■f|M 

0.0124 

19.96 

0.9696 

0.03 


mm 



TABLE 2 


Solubility at of silver acetate in mixtures of ethyl alcohol and wtUer containing 

potassium nitrate 


9.41 PER CENT ALCOHOL 

D - 73.14 

20.37 PER CENT ALCOHOL 

D * 66.78 

30.02 PER CENT ALCOHOL 

D 61.09 

m 

KNOi 

d 

Satd. soln. 

10»X 

m 

KNOi 

d 

Said. soln. 

10»x 


d 

Satd. soln 

1(HX Ag^ 

0.0 

0.9875 



0.9709 

0.7449 

0 0 

0.9620 

0.6811 

0.05131 




0.9742 

0.8196 

0.04949 

0.9581 

0.6488 

0.09865 



0.09945 

0.9776 

0 8612 


0.9615 




1.1333 

0.1998 

0.9838 

0.9191 


0.9669 




1.1751 

0.2982 

0.9897 

0.9623 


0.9728 

0.7974 




0.3958 

0.9952 

0.9892 

0.3990 

0 9774 

0.8298 


1.0174 

1.2462 

0.4959 



0.4984 

0.9838 

0.8591 



1.2662 

0.5994 

1.0070 

1 0507 

0.6265 

0.9906 

0.8931 


1.0381 

1.3114 

0.7923 

1.0180 

1.0925 

0.8813 

1.0028 

0.9452 


1.0495 

1.3517 

0.9898 

1.0281 

1.1285 

1.0365 

1.0103 

0.9705 

1.2957 

1.0655 

1.3868 

1.2539 

1.0422 

1.1686 




1.6227 

1.0828 

1.4313 

1 .4916 

1.0540 

1 1964 





2 to 7 we give the solubility in the presence of added nitrates in solvents 
containing approximately 10, 20, and 30 per cent ethyl alcohol. The data 
are also represented graphically in figures 1, 2, and 3. An examination of 
the tables and of the figures will show that the solubility of silver acetate 
increases with the concentration of added nitrate, and that for a solution 
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of a given ionic strength the effect of a given nitrate is given in general by 
the order KNOa < NaNOs < Ba(NOa)2 < Sr(NOa)2 < LiNOa < Ca(NOa)2. 

TABLE 3 

Solubility at 26^C. of silver acetate in mixtures of ethyl alcohol and water containing 

sodium nitrate 


9.17 PUR CBNT ALCOHOLi 

D - 73 27 

20.37 PER CENT ALCOHOL 

2> » 66 78 

30 02 PER CENT ALCOHOL 

D - 61.08 

m 

NaNOi 

d 

Said Boln 

10* X Ag+ 

m 

NaNOi 

d 

Satd. Boln 

10* X A«+ 

m 

NaNOa 

d 

Satd soln 

10* X Ag+ 

0.0 

0 9879 

0.9815 

0.0 

0.9709 

0.7449 

0 0 

0.9520 

0.5811 

0.04711 

0.9910 

1.0485 

0.04819 

0.9735 

0.8141 

0 05054 

0.9558 

0 6452 

0 09579 i 

0.9948 

1.0892 

0.09547 

0.9762 

0.8591 

0 1002 

0.9590 

0 6931 

0.1911 

1 0001 

1.1548 

0.1937 

0.9823 

0.9251 

0.2011 

0 9652 

0 7565 

0.2864 

1 0047 

1.2009 ' 

0.2880 

0 9859 

0.9652 

0 3012 

0 9704 

0 8066 

0.3859 

1.0102 

1.2395 

0 3821 

0.9921 

1.0023 

0.3996 

0.9745 

0.8375 

0.4702 

1 .0147 

1.2660 

0.4776 

0 9971 

1 0355 

0.5001 

0 9800 

0 8757 

0 5822 

1 0206 

1.3042 

0 5738 

1.0022 

1 .0637 

0 6014 

0 9856 

0.9060 

0 7735 

I 0309 

1.3464 ! 

0.7626 

1 0116 

1.1103 

0.8003 

0.9948 

0.9573 

0.9579 

1 0405 

1 3826 

0 9571 

1 0214 

1 1557 

0.9983 

1.0048 

0.9990 

1 1903 

1 .0522 

1 4123 

1 1894 

1 .0336 

1.1923 

1 3025 

1 0192 

1 0594 

1 4411 

1.0644 

1 4466 

1 4258 

1 0437 

1 2327 

1 6015 

1.0343 

1.1034 

1.9095 

1 0861 

1 4934 

1 8935 

1 0646 

1.2920 

2 0047 

1.0509 

1.1583 

2.3876 

1.1077 

1.5292 

2.3764 

1 0861 

1 .3353 




2 8732 

1 1284 

1.5555 

2 8061 

1.1047 

1 3659 





TABLE 4 

Solubility at 26^C. of silver acetate in mixtures of ethyl alcohol and water containing 

barium nitrate 


8 17 PER CENT ALCOHOL 

D - 73 27 

16.38 PER CENT ALCOHOL 

1 D - 67 35 

30 02 PER CENT ALCOHOL 

D » 61.00 

m 

Ba(NOj)i 

! ^ 

Satd Boln 

10* X Ag+ 

m 

Ba(NOa)s 

d 

Satd aolu 

10*X Ag^ 

m 

Ba(NOi)* 

<< 

Satd soln 

10»X Ag+ 

0 0 

0.9879 

0.9815 

0.0 

0.9722 

0.7456 

0 0 

0.9520 i 

0.5811 

0.02541 

0.9941 

1 0877 

0.01036 

0.9749 

0.8013 

0.01028 

0.9568 

0.6328 

0.05050 

0.9994 

1.1412 

0.02463 

0 9780 

0.8506 

0 01978 

0.9589 

0 6684 

0.1012 

1.0107 

1 2326 

0.05384 

0.9842 

0.9226 

0.04002 

0 9628 

0.7229 

0.1454 

1 .0198 

1.2824 

0 1241 

0.9986 

1 0235 

0.06038 

0.9669 

0.7643 

0.2021 

1 .0314 

1.3462 




0.08023 

0.9711 

0.7979 

0.2343 

1.0381 

1.3798 




0.09930 

0 9748 

0.8274 

0.2978 

1.0456 

1.4187 








APPLICATION OP THE DEBYE-Ht^CKEL THEORY 

Values of A and Xq of equation 6 were obtained for each series of solutions 
by substituting in the equation the observed values of x and S* for two 
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TABLE 5 

Solubility at of silver acetate in mixtures of ethyl alcohol and water containing 

strontium nitrate 


9.90 PUB CBNT ALCOHOL 

D - 72.86 

19.96 PBB GBKT ALCOHOL 

D » 67.03 

30.46 PBB CBNT ALCOHOL 

D- 60.83 

8r(NOi)« 

d 

Satd. 8oln. 

10»X A«+ 

Sr(NOi)* 

d 

Said. 8oln. 

10*X 

m 

Br(NOi)8 

d 

Satd. aoln. 

lOX Ag* 

0.0 

0.9866 

0.9565 




0.0 

0.9534 

0.5781 

0.02672 

0.9912 





0.01236 

0.9557 

0.6425 

0.05250 

0.9964 

1.1258 




0.02495 

0.9581 

0.6872 

0.09025 

1.0045 

1.2116 


0.9893 



0.9604 

0.7305 

0.1991 

1.0206 

1.3441 

0.1988 

lEsa 

1.1348 


0.9858 

0.7918 

0.2986 

1.0370 

1.4381 

0.2997 

tin 

1.2345 

0.09976 

0.9706 


0.4018 

1.0530 

1.5189 

0.3973 

IB 

1.3162 


0.9865 

0.9685 

0.4995 

1.0685 

1.5898 

0.4986 


1.3913 

0.2998 



0.5978 

1.0832 

1.6486 

0.5965 





1.1591 

0.8013 

1.1135 

1.7717 

0.7974 






1.0021 

1.1425 

1.8844 

0.9896 

1.1214 

1.6968 

0.7999 


1.4536 

1.2463 

1.1764 



1.1561 

1.8414 

0.9954 



1.4855 

2.0065 

1.2088 

1.2746 

2.0959 

2.3012 

1.5377 

1.9768 

1.1950 

1 2497 

1.9661 

2.1990 

1 4888 

1.1651 

1.8837 


TABLE 6 

Solubility at iS5**C. of silver acetate in mixtures of ethyl alcohol and water containing 

lithium nitrate 


9.41 PBB CBNT ALCOHOL 

D « 73.14 

19.39 PBB CBNT ALCOHOL 

D - 67.36 

30.02 PBB CBNT ALCOHOL 

D » 61.00 

m 

LiNOt 

d 

Satd. Boln. 

10»X Ag^ 

m 

LiNO* 

d 

Satd. 8oln. 

l0*XAg+ 

m 

LiNO« 

d 

Satd. soln 

10«X Ag* 

0.0 

0.9883 

0.9647 

0.0 

0.9722 

0.7456 

0.0 

0.9520 

0.5811 

0.05177 

0.9909 

1.0412 

0.05225 

0.9746 

0.8232 

0.04890 

0.9550 

0.6557 

0.1018 

0.9931 

1.0877 

0.09767 

0.9767 

0.8692 

0.10622 

0.9572 

0.7097 

0.2017 

0.9977 

1.1625 

0.2030 

0.9813 

0.9479 

0.19890 

0.9606 

0.7712 

0.2991 

1.0019 

1.2192 

0.2973 

0.9855 

0.9961 

0.2979 

0.9650 

0 8217 

0.4082 

1.0062 

1.2718 

0.4053 

0.9894 

1.0433 

0.3881 

0.9685 

0.8621 

O . S 092 

1.0103 

1.3103 

0.5114 

0.9936 

1.0861 

0.4969 

0.9728 

0.9047 

0.6191 

1.0145 

1.3507 

0.5981 

0.9969 

1.1191 

0.5977 

0.9764 

0.9417 

0.8042 

1.0219 

1.4178 

0.7966 

1.0042 

1.1830 

0.7969 

0.9836 

1.0085 

1.0214 

1.0303 

1.4781 

0.9913 

1.0117 

1.2422 

0.9974 

0.9912 

1,0721 

1.3229 

1.0415 

1.5552 

1.2529 

1.0213 

1.3111 

1.3072 

1.0031 

1.1552 

1.6556 

1.0536 

1.6310 

1.5749 

1.0328 

1.3915 

1.5735 

1.0119 

1.2284 

2.1024 

1.0693 

i 1.7288 

1.9670 

1.0462 

1.4911 

1.9970 

1.0257 

1.3294 

2.5195 

1.0836 

1.8260 

2.5001 

1.0640 

1.6226 




3.0930 

1.1027 

1.9543 

3.0096 

1.0809 

1.7457 
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TABLE 7 


Solubility at of silver acetate in mixtures of ethyl alcohol and water containing 

calcium nitrate 


9.90 PBR OHT ALCOHOL 

D - 72.86 

19.95 PER CENT ALCOHOL 

D - 67.03 

30.45 PER CENT ALCOHOL 

D « 60.83 

Ca(NOs)f 

d 

Said. Boln 

10* X Ag+ 

m 

Ca(NO«)j 

d 

Said. 8oln 

10*X 

Ca(NOi)j 

d 

Satd. Boln. 

10»X Ag^ 

0.0 

0.9857 

0.9565 

0.0 

0.9712 

0.7420 

0.0 

0.9534 

0.5781 

0.02581 

0.9908 

1.0758 

0.02404 

0.9754 

0 8643 

0.01338 

0.9554 

0.6548 

0.04913 

0.9935 

1.1466 

0.04886 

0.9789 

0.9394 

0.02549 

0.9575 

0.7046 

0.09891 

1.00004 

1.2510 

0.09900 

0.9848 

1.0411 

0.04072 

0.9592 

0.7524 

0.1966 

1.0118 

1.4229 

0.2022 

0.9971 

1.2199 

0 07269 

0.9626 

0.8328 

0.3028 

1.0245 

1.5420 

0.3008 

1.0085 

1.3342 

0.10118 

0.9664 

0.8929 

0.3967 

1 0354 

1.6396 

0.3938 

1.0190 

1.4418 

0.1997 

0 9775 

1.0501 

0.4956 

1 0469 

1.7366 

0.4932 

1 .0313 

1.5361 

0.2974 

0.9883 

1.1749 

0.6006 

1 0586 

1.8219 

0.5919 

1.0407 

1.6241 

0 4010 

0.9997 

1.2905 

0.8013 

1.0798 

1 9879 

0.7914 

1 0615 

1.8033 

0.5904 

1.0203 

1 4818 

0.9916 

1.1002 

2 1386 

0.9958 

1.0828 

1.9712 

0.7996 

1 0409 

1.6677 

1.2375 

1.1252 

2 3090 

1.2466 

1.1074 

2.1742 

0.9091 

1.0606 

1.8486 

1.5338 

2.0224 

1.1544 

1.1994 

2.5202 

2.8394 

1 4687 
1.9823 

1 1285 

1 1759 

2.3428 

2.7582 

1.4869 

1 1056 

2.2750 



Fig. 1 . Solubility of silver acetate in about 10 per cent alcohol in the presence of 
various nitrates. I. KNO 3 ; solvent, 9.41 per cent alcohol. II. NaNO^; solvent, 
9.17 per cent alcohol. III. Ba(N 03 )j; solvent, 9.17 per cent alcohol. IV. SrfNOs)*; 
solvent, 9.90 per cent alcohol. V. LiNOs; solvent, 9.41 per cent alcohol. VI. 
CaCNOj)®; solvent, 9.90 per cent alcohol. 

solutionSi one of which was always the solution that contained no added 
nitrate s^t. From the two simultaneous equations so obtained, a value 
of A and a value of zq were calculated. We have summarized in table 8 
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the results of these calculations. One might infer from this table that the 
Debye-Hiickel equation is in general valid up to approximately the same 



Fig, 2. Solubility of silver acetate in about 20 per cent alcohol in the presence of 
various nitrates. I. KNOsj solvent, 20.37 per cent alcohol. II. NaNOaj sol- 
vent, 20.37 per cent alcohol. III. Ba(N08)2; solvent, 19.39 per cent alcohol. IV. 
SrCNOa)*; solvent, 19.95 per cent alcohol. V. LiNOa; solvent, 19.39 per cent alcohol. 
VI. Ca(N08)*; solvent, 19.95 per cent alcohol. 



Fig. 3. Solubility of silver acetate in about 30 per cent alcohol in the presence of 
various nitrates. I. KNOs; solvent, 30.02 per cent alcohol. II. NaNOs; sol- 
vent, 30.02 per cent alcohol. III. Ba(N08)3; solvent, 30.02 per cent alcohol. IV. 
Sr(NOB)a; solvent, 30.45 per cent alcohol. V. LiNOa; solvent, 30.02 per cent alcohol. 
VI, CaCNOs)^; solvent, ^.46 per cent alcohol. 


ionic strength, irrespective of the nature of the added nitrate. For higher 
ionic strengths, there are marked differences in the effects of different 
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nitrates. In the case of the less soluble barium nitrate, the validity of the 
Debye-Hiickel equation extends up to solutions saturated with this salt. 
For all other nitrates investigated (except sodium nitrate in 9.17 per cent 
alcohol) there is a falling off in the calculated values of A when we go to 
solutions of higher ionic strengths than those given in table 8, but whereas 
this decrease in A is relatively slow when sodium nitrate and potassium 
nitrate are the added salts, it is more rapid in the ease of strontium nitrate 
and lithium nitrate and still more so for calcium nitrate. It would there- 
fore be more correct to say that the range of approximate validity of equa- 
tion 6 is greatest for sodium nitrate and potassium nitrate, less for stron- 
tium nitrate and lithium nitrate, and least for calcium nitrate. 

As will be pointed out in a later publication from this laboratory, the 
great increase in solubility of silver acetate in the presence of calcium 
nitrate is probably due to the formation of the intermediate ion CaOAc**. 


TABLE 8 

Calculated values of A and Xo 


ADDED NITRATE 

cs. 

10 PER CENT 

C,H60H 

ca. 

20 PER CENT 
CaHftOH 

ca. 

30 PER CENT 
C»H*OH 

A 

10*«o 

Valid to 
an ionic 
strength 

1 

A 

I0*xo 

Valid to 
an ionic 
strength 

A 

lO'jco 

VaUd to 
an ionic 
strength 

KNOa 

1.43 

0 775 

0 5 

1.37 

0.597 

1 0 

1.39 

0 466 

0 6 

NaNOa 

1 28 

0.783 

2 65 

1.31 

0 596 

0 9 

1 34 

0 466 

0 8 

BaCNOab 

1 14 

0.778 

0.9 

1 08 

0 593 

0.8 

1.20 

0 464 

0.75 

8r(NO,), 

1.08 

0.758 

0.9 

1.02 

0.588 

0.88 

1.08 

0.459 

0.75 

Li(NO,), 

1 14 

0.766 

0.8 

1.10 

0.593 

0 85 

1.23 

0.464 

0.75 

CaCNOa)* 

0,86 

0,750 

0.9 

0 75 

0.582 

0.98 

0.80 

0 455 

0.75 


Since the solvents referred to as approximately 10 per cent alcohol varied 
appreciably in composition (e.g., 9.17, 9.41, and 9.90 per cent alcohol) the 
calculated values of 10®xo in table 8 for these solvents are not expected to 
be identical. Moreover the extrapolated value of xo depends somewhat on 
the value of A used in equation 5. If we assume that the value of xo 
and the value of the solubility, x, of silver acetate in a mixed solvent vary 
relatively in the same way with the per cent of alcohol, and if we take as 
most reliable the values of Xo obtained in the presence of sodium nitrate, 
potassium nitrate, and barium nitrate, we readily find the following rela- 
tion for the value of Xo as a function of the per cent, p, of alcohol when p 
is in the neighborhood of 10 per cent; viz., 

10»Xo = 0.760 + 0.026 (10 - p) 



658 


F. B. HACl>0t70AU:. AND CHARLES EDWARD BARTSCH 


This relation gives 

10**0 = 0.783, for p = 9.17 (NaNO,, Ba(NO,)s) 

10**0 = 0.776, for p = 9.41 (KNO,, LiNO,) 

10,*o = 0.767, for p = 9.90 (Sr(NO,)j, Ca(NO,),) 

The solvents richer in alcohol differ relatively so little from exactly 20 
per cent and 30 per cent, respectively, that we may infer from table 8 
(giving greatest wei^t to the results with sodium nitrate and potassium 
nitrate) that 


10**0 = 0.596, for p = 20 per cent alcohol 
10**0 = 0.466, for p = 30 per cent alcohol 


TABLE 9 
Value* of a in A.U. 


PBR CBNT CtHtOH 

VALUES OP a 

KNO, 

NaNO, 

0 0 

4.35 

3.69 

10.0 

4 21 

3.86 

20.0 

3 85 

3 67 

30.0 

3.91 

3 62 


TABLE 10 


Activity coefficient of silver acetate in saturated solutions at tS°C. 


SOLVENT 

10«fo 

mo 

Co 

/ 

Water 

0 960 

0 0533 

0 0531 

0.800 

10 per cent alcohol 

mmm 

0 0396 

0.0388 

0.797 

20 per cent alcohol 

US 

0.0291 

0.0281 

0.803 

30 per cent alcohol 


0 0211 

0.0201 

0.802 


IONIC DIAMETERS 

The values of A obtained by application of equation 5 can be interpreted 
in terms of average ionic diameters, a, by means of equation 7. In table 
9 we give the values of a so obtained for solutions containing potassium 
nitrate and sodium nitrate, respectively. The values of a for 0 per cent 
alcohol are taken from the papers by MacDougall (7) and MacDougall 
and Behner (8). 

ACmVITT COEFFICIENTS 

The mean activity coefficient, /, of silver acetate is given by the ratio 
— . The activity coefficients, y and y*, may be calculated by means of 

X 

equations 3 or 4 or from the equations 
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7 


mo 

m 



( 8 ) 


where mo = (Nqi — Nq 2 )xq (see equation 11) and Co = dotrio; do is the den- 
sity of the solvent. It will be observed that we have assigned a value of 
unity to the activity coefficient of an ion in any of our solvents (water, 
10 per cent, 20 per cent, or 30 per cent alcohol) when the ionic strength 
approaches zero. We give in table 10 values of the mean activity coeffici- 
ents of silver acetate in saturated solutions of that salt when the solvent is 
water, 10 per cent, 20 per cent, and 30 per cent alcohol, respectively. 
For the data in aqueous solutions containing no alcohol, see the papers by 
MacDougall (7) and MacDougall and Rehner (8). For the solutions listed 
in table 10 the values of y and of ye do not differ appreciably from the 
corresponding values of /. 


SUMMARY 

This paper gives the solubility of silver acetate at 25°C. in 10, 20, and 
30 per cent ethyl alcohol in the presence of the nitrates of potassium, 
sodium, lithium, calcium, strontium, and barium. 

The Debye-Huckel equation seems to be valid for the solutions investi- 
gated up to values of the ionic strength listed in table 8. 

Values of the mean ionic diameter are calculated for the solutions con- 
taining potassium nitrate or sodium nitrate. 

Data are presented which will enable one to determine the activity 
coefficient of silver acetate in any of the solutions investigated. 

The activity coefficient of silver acetate in solvents saturated with that 
salt but not containing any nitrate is given in table 10. 
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Solutions of trimethylcetylammonium bromide possess, to an unusual 
extent, certain surface properties that influence the flotation of minerals. 
Films thin enough to exhibit beautiful interference colors may persist for 
weeks, and solutions can be used for such experiments with bubbles as are 
described by Boys (1). The compound is one of the best frothing agents 
known, even a 10 mg. per liter solution giving a very stable froth. The 
stability of the bubbles is not due to the formation of a thick semirigid 
film of the type produced by saponin, for, in dilute solutions, the substance 
does not seem to be present in colloidal form. From aqueous solutions 
the salt is adsorbed by a wide variety of minerals, and since it possesses 
the polar-nonpolar structure characteristic of collectors, it is almost a 
universal flotation reagent of the collector class. The angle of contact, 
determined as described in previous contributions (11, 9), is 60° for chal- 
cop3Tite and antimonite. This maximum angle has not been obtained 
for galena and pyrite, however, nor for the oxidized and silicate minerals. 
For these minerals the angle is usually within a few degrees of 50°. 

It is of interest that silver bromide is not precipitated from solutions of 
the compound immediately upon the addition of silver nitrate, but upon 
boiling a precipitate slowly forms. For the work to be described the com- 
pound was purified by recrystallizing twice from alcohol and washing with 
ether. 


TRIMETHYLCETYLAMMONIUM BROMIDE AS A COLLECTOR 

Dilute solutions of trimethylcetylammonium bromide induce flotation of 
chalcopyrite, pyrite, sphalerite, galena, and other sulfide minerals. Sev- 
eral silicate minerals also respond to it, quartz, for example, responding to 
acid, neutral, and alkaline solutions, and rhodonite to neutral solutions. 
Tinstone responds to alkaline solutions, but calcite does not float in acid, 
neutral, or alkaline solutions. Captive bubble tests with polished mineral 
specimens confirm these observations. The compound modifies the sur- 
face of glass in such a way that an angle of contact of about 40° is obtained; 
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it is therefore impossible to keep glassware “clean” when in contact with 
dilute solutions. 

Solutions of the compound possess a property that is unusual among 
collectors, a property moreover that is general for all the minerals floated 
by it. As the concentration is increased from 0 to about 50 mg. per liter, 
the floatability increases steadily. Further increases in concentration 
decrease the floatability, until somewhere below 600 mg. per liter, not a 
single particle floats. Meanwhile the frothing power of the solutions has 
steadily increased. Parallel results are obtained when polished mineral 
specimens are tested by a captive bubble of air, contact ceasing to be 
possible at a concentration of about 100 mg. per liter. The mechanism of 
the process preventing contact was suggested by tests with galena in a 50 
mg. per liter solution. A newly formed bubble effected contact with 
the center of the galena surface, but a bubble thirty seconds old did not. 
Whatever the age of the bubble, contact could be effected with the sharp 
edges of the specimen, and when once established, the contact could be 
retained as the bubble was moved across the plane surface, — even to the 
central area with which contact could not be established with an aged 
bubble. The galena specimen, when transferred to pure water exhibited, 
for a time, an air avidity; this indicates that a fihn of the collector had been 
adsorbed. It is presumed that the galena was in a suitable condition for 
contact with air, but the surface of the bubble, as it aged, passed into a 
condition that hindered contact; nevertheless, the sharp edges of the ga- 
lena could still rupture the bubble surface. In slightly more concentrated 
solutions, contact with the center could be established only by starting at 
an edge, while in a 500 mg. per liter solution contact at the edges could not 
be established. 

These results were not unexpected. It has already been suggested (11) 
that the difficulty of rupturing an orientated adsorbed film of frother at 
the surface of a bubble would hinder its contact with a collector-con- 
ditioned mineral surface. But it is only when the film is particularly 
stable, as here, that its presence can be demonstrated by the bubble test. 
Support for this interpretation is given by a test in which a chalcop3rrite 
specimen, previously conditioned by amyl xanthate, was placed in a 500 
mg. per liter solution of trimethylcetylaminonium bromide. Contact 
with air could not be effected, though the specimen, when replaced in 
water, still carried an air-avid film with the characteristic amyl xanthate 
contact angle. 

Reagents of the type of trimethylcetylammonium bromide — ^that is, 
substituted ammonium salts and amines containing a large nonpolar 
group — may be of value for the flotation of silicate and other oxygen- 
bearing minerals. They possess the advantage over soap solutions that 
they do not form insoluble salts with such cations as calcium, copper, and 
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iron. Very low concentrations of the collector should suffice, since there 
would be no waste due to precipitation by cations derived from the ore or 
present in the water used. 


DEPRESSANTS 

Because a reagent is a depressant for a mineral when using a collector of 
the xanthate type, it does not follow that it will be a depressant also when 
using a nitrogenous collector. Thus 1 g. of Na 2 S *91120 per liter, which is 
much more than sufficient to prevent contact with the sulfide minerals in 
the presence of xanthates, does not prevent contact in the presence of 50 
mg. per liter of trimethylcetylammonium bromide. Neither does it influ- 
ence contact with or flotation of quartz. Similarly, a small concentration 
of sodium cyanide, though an excellent deactivator and depressant for 

TABLE 1 


Conditioned chalcopyrite in solutions of trimethylcetylammonium bromide 


CONrENTKA- 

TION 

CONTACT 

ANGLE 

INDUCTION PERIOD ON PLANE 
SURFACE 

DIRECT FLOTATION TESTS 

Extreme values 

Mean value 


mg. per liter 

Nil 

(54) 

iteconds 

0 6 and 2 4 

HfCimds 

1 1 

Slight film flotation 

10 

60 

0 6 and 8 4 

1 9 

Excellent froth flotation 

25 

59 

2 8 and 6.2 

4 2 

Excellent froth flotation 

50 

60 

22 and 48 

31 

Good froth flotation 

100 

50* 


>600 

Fair froth flotation 

500 

Nil 


>600 

No flotation 


* For this determination contact had first to be established with an edge. 


sphalerite and pyrite respectively in xanthate flotation, is not a depressant 
with this reagent. The reagent causes flotation of so many minerals that 
its application in practice will depend upon the discovery of suitable de- 
pressants, which must be differential in their action. Depressants for 
some minerals have been found. Thus, galena is depressed by alkalis; 
in a solution containing 10 mg. per liter of the compound and 20 mg. per 
liter of lime, a partial separation of sphalerite from galena is possible. 
When the separation w^as attempted in a test tube, a little of the fine 
galena floated with the sphalerite. Copper sulfate and sodium cyanide 
when used together — but not singly — prevent the flotation of tinstone, 
sphalerite, and pyrite, but it has not been ascertained whether this action 
is differential between sphalerite and pyrite. Presumably the cupricya- 
nide ion is the depressant. Acids and alkalis both prevent the flotation of 
rhodonite. In acid solutions quartz can be floated away from tinstone. 
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INDUCTION PEBIOD FOB CONTACT BETWEEN AIB AND MINEBAL 

Some tests now to be described have a bearing on the explanation of the 
“induction period” for the establishment of contact. Sven-Nilsson (8) 
has observed that tme contact (spreading) does not usually take place 
until some time after a bubble has come into apparent contact with a 
suitably conditioned mineral surface. The time that elapses before 
spreading commences, he terms the induction period. It increases with 
the size of the bubble, but the manner of its dependence upon other vari- 
ables has not yet been established. Using a stopwatch, the induction 
period has been determined for a chalcopyrite specimen in a series of solu- 
tions of trimethylcetylammonium bromide of different concentrations 
(see table 1). To ensure that the surface condition was as nearly as pos- 
sible identical in all tests, the newly polished specimen was conditioned in 
a 500 mg. per liter solution and rinsed in water before it was placed in the 

TABLE 2 


Dependence of angle of contact at a submerged paraffin surface on concentration of 
trimethylcetylammonium bromide 


CONCENTRATION OF AMINE 

ANOLB OP CONTACT 

INDUCTION PERIOD 

mg. per liter 



Nil 

107, 106, 109° 

1 

10 

100 

IToo small to be measured 

25 

94.5 

I by a stopwatch 

50 

92 

J 

100 

80, 79 

Up to 2 seconds 

250 

66 

Very irregular 

500 

Nil 



test solution. Evidently the induction period is dependent upon the con- 
centration of the compoimd. This is presumably because at high concen- 
trations the adsorbed film is difficult to rupture. 

CONTACT AT A PABAPFIN SURFACE 

The condition of the surface of the bubble cannot account completely 
for the influence, recorded in table 2, of the concentration of trimethyl- 
cetylammonium bromide on the angle of contact at the surface of para^ 
wax. The wax was purified first by heating with a strong sulfuric acid 
solution and then with a strong caustic soda solution. The test surface 
was formed on a glass base by allowing molten wax to solidify in contact 
with the air; the hysteresis effect was almost absent because of the smooth- 
ness of this surface. Since the angle of contact changed slowly with time 
even in distilled water, the recorded angles were measured immediat ely 
alter immersion of the wax in the solution. 
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Variations in the surface tension of the solution, no matter how large, 
could not account for a reduction in the angle to below 90®, since in the 
Young equation for the cosine of the contact angle, the surface tension 
occurs only as the sole term of the denominator and therefore changes in 
it could not alter the sign of the cosine of the angle of contact, as happens 
when the angle passes through 90° (10). The results prove that the sur- 
face energy at the paraffin-water interface has changed in such a way as 
to render the paraffin more water-avid or less air-avid. Such a change 
may be a chemiadsorption of the amine, with the paraffin wax attracting 
the alkyl groups of the substituted ammonium salt and the polar group 
orientated outwards, or it may be a kind of Gibbs^ adsorption at this in- 
terface. If a film is formed, it can have no very strong binding forces, for 
on placing the paraffin in pure water the usual contact angle (107.5°) was 
obtained. 


SURFACE TENSION MEASUREMENTS 

Perhaps the best method of studying adsorption is to attempt to apply 
the Gibbs’ equation to measurements of the change in surface tension of a 
solution with concentration. Most of the methods of measurement of 
surface tension are inapplicable if, as here, the solution forms a finite con- 
tact angle with glass. The ‘^maximum bubble pressure” method, which is 
stated to be applicable when the contact angle is finite, was therefore 
adopted (7). It was found, however, that the finite contact angles that 
dilute solutions of trimethylcetylammonium bromide form with glass, 
though they may not directly influence the maximum bubble pressure, do 
prevent the apparatus from functioning smoothly. Consequently re- 
sults could not be obtained for solutions of concentration lower than 50 
mg. per liter. 

There is an unexplained lack of agreement between the results of those 
who have measured surface tensions of aqueous solutions of surface-active 
compounds. The work of Harkins and Brown (4) suggests that insuffi- 
cient attention has been paid to the time necessary for the establishment of 
the equilibrium or static value of surface tension. Schmidt and Steyer 
(6) claim that equilibrium is not immediately established even in pure 
water. 

The surface tensions of solutions of trimethylcetylammonium bromide, 
measured by the bubble pressure method, vary with the time interval 
between the formation of successive bubbles in the manner shown in 
figure 1. For each strength of solution the measured surface tension 
approaches a steady minimum value as the rate of bubble formation is 
decreased. This steady value is presumably the static value correspond- 
ing to the attainment of an adsorption equilibrium. The dynamic value, 
i.e., the value corresponding to a surface concentration equal to the bulk 
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concentration, was not measured, but — ^whatever the concentration — it is 
evidently very much closer to, and may not differ greatly from, the value 
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Fig. L Relationship between the value of the surface tension of solutions of tri- 
methylcetylammonium bromide of various concentrations and the ‘^age” of their 
surfaces. Temperature, 25 ± 1°C. 
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CONCENTRATION OF TRI* METHYL CETYL AMMONIUM BROMIDE MO RER LITER. 

Fig. 2. Relationship between concentration of solutions of trimethylcetylammon- 
ium bromide and their static surface tensions. Temperature, 25 d: 1®C. 

for pure water. The indicated slow attainment of equilibrium is due to 
the slow difihision to the surface of such a large molecule as trimethyl- 
cetylammonium bromide. It is evident, moreover, that equilibrium is 
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most rapidly established in the most concentrated solutions. Tliis is 
because of the greater concentration of solute molecules that are available 
close to the surface for the formation of the adsorbed layer. 

Figure 2, constructed from figure 1, shows the relationship between the 
concentration of trimethylcetylammonium bromide and the static surface 
tension. Up to a concentration of 1 g. per liter, the higher the concentra- 
tion the lower is the static surface tension and, presumably, the more of 
the dissolved collector is adsorbed at the surface, but already in a 500 mg. 
per liter solution the surface must consist largely of orientated solute mole- 
cules. It is apparent that if the adsorbed layer around a bubble is a 
hindrance to contact with a suitably conditioned solid surface, contact 
will be most readily established in dilute solutions. 

FROTHING 

In figure 2 a condition has been reached at which an increase in concen- 
tration no longer lowers the surface tension. H. M. Cassel (2) in discus- 
sing a similar case, states that at a point of zero slope in the surface ten- 
sion-concentration curve for sodium palmitate, the Gibbs^ theorem 
indicates that no adsorption at all takes place. The application of the 
Gibbs' theorem is inadmissible, however, w’hen complete, or almost com- 
plete orientated films of polar-nonpolar compounds are present. Lang- 
muir (5) states that such films at the surface of aqueous solutions may 
possess the properties of liquids or solids. 

Corresponding to the large difference between the static and dynamic 
values of the surface tension, even the stronger solutions froth strongly 
(compare Foulk (3)). This certainly indicates that there is an adsorption 
film at the interface, despite the horizontal nature of the concentration- 
surface tension curve beyond 1 g. per liter. 

The writer gratefully acknowledges his indebtedness to the companies 
for which the work was carried out, namely, Broken Hill South Ltd., 
North Broken Hill Ltd., Zinc Corporation Ltd., Electrolytic Zinc Co. of 
Australasia Ltd., Mt. Lyell Mining & Railway Co. Ltd., and the Burma 
Corporation Ltd. ; to Mr. H. Hey, under whose general direction the work 
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In earlier papers (8, 9) it was pointed out that a relation existed between 
constitution and energy of activation for the reaction between benzyl 
chloride and m- and p-toluidine and the corresponding dimethyltoluidines. 
The relation observed was that which would be expected on the Lapworth- 
Robinson hypothesis, assuming that reactivity in this reaction is helped by 
electron accession to, or availability at, the nitrogen atom of the amino 
group; the p-methyl group lowered the energy of activation as compared 
with the m-methyl group. The correspondence between the behavior of 
the tertiary bases, where only the addition reaction took place, and that of 
the primary bases was taken as evidence that the step which governed the 
rate of reaction for primary amines was also the addition reaction and not 
the reactivity of the hydrogen atom of the primary amino group. These 
conclusions are supported by the behavior of m- and p-nitrobcnzyl chlorides 
with aromatic primary and tertiary bases (7, 10). 

Further confirmation of the connection between constitution and energy 
of activation has been obtained by a study of the reaction between 2,4- 
dinitrochlorobenzene and certain aromatic primary amines. This reaction 
has been studied by Rheinlander (11) for aniline at one temperature and 
different concentrations, and by Van Optall (13) for a series of aromatic 
amines. In addition to the results at tw^o temperatures given in table 2 
Van Optall also measured the rate of reaction at one temperature of 2,4- 
dinitrochlorobenzene wdth the following: o-toluidine, o-, m-, p-chloroani- 
line, 0 -, ?n-, p-nitroaniline, o-anisidine, o-phenetidine, p-aminoaceto- 
phenone, o- and p-aminodiphenyl, a- and /3-naphthylamine, and the 
secondary bases methylaniline and piperidine. We have determined the 
velocity of reaction in ethyl alcohol solution at tvro temperatures; from 
these results the value of the energy of activation, Ej and the quantity log 
A, in the equation k = have been determined. In table 1 are 

collected the results of our experiments. 

The velocity constants given above represent in nearly every case the 
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mean of at least two independent experiments, but the energies of activa- 
tion calculated from them cannot be regarded as accurate to within less 
than about 300 cal. The extreme error for a difference in energy of activa- 
tion is therefore about 600 cal. The error of 300 cal. in the energy of 
activation would cause an error of rather less than 0.3 unit in the value of 

TABLE 1 

Velocity eonetante, energies of activation, and action constants for the reaction between 
i,4-dinitrochlorobensene and some primary aromatic amines in ethyl 
alcohol solution 

[Dinitrochlorobenzene] — 0.1 M. Unit of time, minutes 


BABB 

mui 



E (in calo- 
ribb) 

LOO A 

Aniline 

M 

0.4 

6 91 

12 3 

11180 

5.8 

Aniline 

0 8 

6.49 

11.8 

11520 

5.9 

o-Toluidine 

0.4 

0.384 

0.785 

13860 

6.4 

o-Toluidine 

0.8 

0.333 

0.725 

15080 

7 2 

m-Toluidine 

0.4 

9.75 

17 7 

11560 

6.2 

wToluidine 

0.8 

8.76 

16 8 

12620 

6.9 

p-Toluidine 

0 4 

21.3 

35.7 

10060 

5.4 

p-Toluidine 

0.8 

19.0 

33.2 

10810 

5 9 

o^Chloroaniline 

0 8 

0.01 (approx.) 
0.44 

m-Chloroaniline 

0.4 

0.86 

13010 

5.9 

Tn-Chloroaniline 

0.8 

0 395 

0.770 

12940 

5 8 

p-Chloroaniline 

0.4 

1.49 

2 81 

12300 

5.9 

p-Chloroaniline 

0.8 

1 34 

2.57 

12620 

6.1 

o-Bromoaniline 

0 8 

0.01 (approx.) 

0 419 

wBromoaniline 

0.4 

0 912 

15080 

7 3 

m-Bromoaniline 

0 8 

0.4 

0.374 

0.842 

2 29 

15730 
’ 14570 

7.7 

7.4 

P'Bromoaniline 

1 08 

p-Bromoaniline 

0.8 

0 975 

2 11 

14960 

7 6 
5.5 
7.1 

4.7 
5.3 

5.7 
6.0 

o-Anisidine 

0.4 

2.63 

4.72 

11330 

13700 

9850 

10840 

9670 

10250 

9530 

12160 

11850 

o-Anisidine 

0 8 

2 17 

4.40 

771- Anisi dine 

0.4 

5 00 

8.31 

6 98 

m-Anisidine 

0.8 

3.99 

p- Anisidine 

0.4 

67.4 

111 0 

p-Anisidine 

0.8 

58.1 

98 6 
0.363 
0.279 
5.03 
3.92 

a-Naphthylamine 

0.4 

0.222 (?) 

0 149 

a-Naphthylamine 

0.8 


/9*Naphthylaniine 

0.4 

2.73 


/8-Naphthylamine 

0 8 



log A and a maximum error of twice this amount in differences. This can 
be looked at in another way: if two reactions have the same value for A and 
if the ratio of the velocities is 2.7 or less, then the difference in E necessary 
to i^ve this ratio is within the limits of experimental error. In such a case 
reliable evidence can only be obtained by a large number of determinations. 
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When meta-substituted derivatives are compared with para, it is seen 
that in every case the faster reaction has the lower energy of activation. 
For the reaction considered: 


Ep - En, RT (loge Ap/Am - logekp/k„,) 


In tables 1 and 2Ep — Em is always of the same sign as log® kmikp. On the 
other hand the sign of loge Ap/Am varies, possibly through experimental 
error, and therefore the value of loge km/kp appears to be governed mainly 
by the changes in E, For these reactions, therefore, the change in energy 
of activation appears to be the chief factor in the alteration of the velocity 
constant. Secondly, the change in energy of activation is of the nature 
expected on the basis of the Lapworth-Robinson hypothesis. The argu- 
ment for this need only be briefly reviewed, as it has already been dealt 
with elsewhere (1, 4, 5). The reactivity of these amines is determined by 
electron availability at the nitrogen atom of the amino group, and this in 
turn depends upon electron availability at, or accession to, the carbon atom 


TABLE 2 

Energies of activation calculated from the results of Van Optall (1$) 


BA8E 

10»Artt«c 

^100 

E (in caloribb) 

Aniline 

8 5 

0.286 

10360 

p-Toluidine. . .... 

21.2 

0 7057 1 

10330 

m-Toluidine 

10 9 

0 4248 

10800 

p-Anisidine 

81 9 

0 6718 

6200 

p-Phenetidine 

85 7 

2 026 

9320 


to which it is attached; the greater the electron availability at this carbon 
atom, the greater the availability at the attached nitrogen atom. This can 
be looked at in another way. The dipole moment of aniline, its lower 
reactivity and basicity as compared with fatty amines, all suggest that the 
phenyl group is able to, and does, make a demand upon the two unshared 
electrons of the amino group, reducing their mobility. Increase of electron 
availability at the carbon atom to which the nitrogen atom is attached — 
i.e., reduction in the demand made by the phenyl group — ^increases the 
mobility of these unshared electrons of the nitrogen atom. This effect, 
relayed from the carbon atom to the nitrogen atom, would be expected to 
be less in the nitrogen atom than in the carbon atom from which it is re- 
layed, as pointed out by Waters (14). Increased reactivity due to a sub- 

C— C 
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stituent X would ther^ore be expected to be greater at C. than at the 
nitn^n atom. In other words, the reactivity of these amines would be 
expected to resemble that of the corresponding benzene derivatives towards 
electron-seeking reagents, but the differences would be less marked in the 
amines than in the originating benzene derivative. 

It follows (1, 6) that a substituent which leads to increased electron 
availability at the para carbon atom, should lower the energy of activation 
of the amine in the para compound as compared with the meta, and raise 
the reaction velocity of the para compound as compared with the meta. 
Ortho-para directing substituents in the para-position in the amine should 
raise the reaction velocity and lower the energy of activation, as compared 
with the effect of the same substituent in the meta-position. Meta direct- 
ing substituents should have the opposite effect. For reaction velocities 
these conclutions are supported by Van Optall’s results and ours for the 
toluidines and chloroaniUnes, by Van Optall's for nitroanilines, and by our 
results for the bromoanilines and anisidine. 

For the energies of activation the evidence is not so decisive. In every 
case, however, the difference between the energy of activation of the para 
compound and that of the meta compound is of the sign predicted by the 
Lapworth-Robinson hypothesis. In one case — the anisidincs — the differ- 
ence for both concentrations used is within the limits of experimental error. 
If the enerpes of activation for these meta and para compounds were really 
equal, then experimental error should give an equal number of values 
above and below equality. That all values for the meta compound are 
above those for the para — in many cases outside the range of experimental 
error — suggests that the meta compounds examined really have higher 
energies of activation than the para. The case of the anisidines is interest- 
ing. If the values of A were the same for the meta and the para compounds 
the difference in E required to produce the observed difference in velocity 
would be about 1400 cal., outside the range of experimental error. The 
observed differences are much smaller, and it may be that here the differ- 
ence in reactivity is partially due to differences in A. 

These results agree with those of Van Optall (13) in showing markedly 
the effect of para substituents. The order of reactivity is : OCHs > CHs > 
H > Cl > Br. The order is reversed for the energies of activation; the 
lower the energy of activation the greater the velocity of reaction. The 
effect on energy of activation is to a large extent that which would be 
e^qpected from the Lapworth-Robinson hypothesis. The electron-repelling 
methyl group lowers the energy of activation. Chlorine and bromine have 
an inductive effect greater than their electromeric effect and both raise the 
energy of activation, bromine more than chlorine. Betti has also observed 
that bromine in some cases has a greater negative action than chlorine. 
The methoxyl group occupies a somewhat anomalous position which can 
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possibly be ascribed to its large electromeric effect, and which agrees with 
its marked ortho-para directive effect. Baker (1) has also observed high 
velocities for substances containing the methoxyl group in the para-posi- 
tion to the reacting group. 

Nathan and Watson (6) and Williams and Hinshelwood (4) have shown 
that for several reactions the differences in the energies of activation of 
substituted benzene derivatives are nearly proportioned to the dipole 
moments of CeHsX. For the reaction between benzoyl chloride and 
aromatic amines of the type XCeH 4 NH 2 , Williams and Hinshelwood took 
the mean molecular diameter as constant and used the approximate 
equation: — 

k = const. X (1/M)^ X 

Whence : 


2.303 log kM^ = const. — E/RT 
TABLE 3 


Values of E, log kM^, ix CfHfrX, and log A for para derivatives 


BASK 

E (IN 
CAIX>RISS) 


logiolO>A;3li 

M X io» 
(C,H*X) 1 

LOG .<1 

p-Anisidine 

9670 

67 4 

1 .7706 

~1 2 

5 7227 

p-Toluidine 

10060 

21 3 

1 2510 

-fO.4 

5 4994 

Aniline 

11180 

6 91 

0 7418 

0 

5 8085 

p-Chloroaniline 

12300 

1.49 

0 1199 

-1.5 

5 9402 

p-Bromoaniline 1 

14570 

1 08 

0 0177 

—1.5 

7 4234 


and the differences in E were found to run parallel with the differences in 
log kMK In table 3 are collected the values of Ej calculated from the 
temperature coefficients, of log kM^, of n, and of log A, 

From table 3 it is seen that, apart from 2 >anisidine, the results confirm 
the relationship established earlier (4, 6). p-Anisidine is anomalous in 
that it should have an energy of activation between that of aniline and 
chloroaniline to correspond with its dipole moment. The results of Van 
Optall (table 2) confirm this abnormality and show that it is true also of 
p-phenetidine. 

For the meta compounds (see table 5) the order of velocity constants is 
CHs > H > OCHs > Cl > Br, and the order of energies of activation is 
Br > Cl > CHs > H > OCHa. The electromeric effects are usually re- 
garded as negligible in meta compounds, so that the effects here may be 
ascribed mainly to the inductive effect. Bromine and chlorine, electron- 
attracting groups, raise the energy of activation as would be expected. 
The methyl group should lower the value of E] the slight rise may be due 
to a steric effect exerted from the meta-position. The methoxyl group 
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is again anomalous; it will be noticed that the group occupies its correct 
position in the order of velocity constants, and this case obviously needs 
further checking. 

The effect of ortho substituents on the energy of activation has already 
been discussed (9) for the reaction between benzyl chloride and o-toluidine 
(cf. von Braun (2)). "W^th dinitrochlorobenzene amilar results were 
observed. The energy of activation for o-toluidine is markedly greater 
than that for the other toluidines and for aniline. The value of the action 
constant, although liable to experimental error, suggests that the probabil- 
ity of reaction is greater than for the para compoimd. The effect of the 
ortho substituent is thus not to hinder a reaction in a complex raised to the 

TABLE 4 


Energies of activation and dipole moments (Williams and Hinshelwood (4)) 
Reaction: benzoyl chloride and amine, X-CeH 4 NH* 


X - 

100 A„*c. 

E 

M X low 

CeHsX 

H 

6 88 

7350 

0 

P-CH 3 

29 8 

6800 

-hO 4 

p-Cl 

1.50 

7600 

-1 5 

P-NO 2 

0 0042 

11800 

-3.9 


TABLE 5 


Energies of activation and values of log kM^ for meta compounds 


BA8B 


E 

logiol 

LOG A 

m-Anisidine 

5 00 

9850 

1 6409 

4.7200 

Aniline 

6.91 

11180 

1 7418 

5 8085 

w-Toluidine 

9 75 

11560 

1 9116 

6.2320 

m-Chloroaniline 

0.44 

13010 

0.5902 

5.9195 

m-Bromoaniline 

0 419 

15080 

0 6065 

7 3697 


activated state but to increase the energy of activation. The methyl group 
as an electron-repelling group ought to exert in the ortho-position an 
effect similar to that which it exerts in the para-position, that is, it should 
make easier the displacement necessary for activation, and when the methyl 
group is directly attached to the nitrogen atom as in monomethylaniline, 
then the rate of reaction with benzyl halides is faster than with aniline, 
although one might expect steric hindrance to operate here. The o-methyl 
group therefore exerts some special influence on the amino group, which 
may be exerted in two ways. It has already been suggested (9) that this 
influence is of the nature of a coordination similar to that suggested by Sidg- 
wick for o-nitrophenol and rimilar compounds. More recently Sidgwick 
(12) has pointed out that hydrogen shows little tendency to coordinate 
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with nitrogen to form chelate rings, and the effect observed here may be, 
as he suggests for other cases, due to resonance. The effect of the methyl 
group is here exerted on the molecule containing it (cf. Von Braun(2)). 
There is another possibility, an intermolecular effect. The process of 
activation has been pictured by Eyring and Polanyi (3) as involving 
approach of two molecules, and consequent displacement of electrons 
and nuclei until the complex is brought to a state in which the reactive 
groups can be regarded as attached to either molecule indifferently and the 
complex may then rearrange itself to form the reaction products. The 
energy of activation is thus an energy barrier that has to be overcome. An 
ortho substituent group, irrespective of any dipole effect, will tend to hinder 
the close approach of another molecule, the two electron clouds will repel 
one another, and so tend to raise the energy of activation. o-Anisidine 
also has a high energy of activation. 

Reference to table 1 shows that increase in concentration of the base 
lowers the velocity constant, rai.ses the energy of activation, and increases 
the value of A. Rhcinlander (11) found that increasing the concentration 
of aniline lowers the velocity constant of the reaction. The changes in E 
and A are for the most part within the limits of experimental error, but it is 
perhaps noteworthy that, with the exception of m-chloroaniline, they are 
in one sense. 

The experiments were all carried out in absolute alcohol solution. The 
ethyl alcohol used was dried over quicklime for twenty-four hours, boiled 
under reflux with fresh quicklime for one hour, fractionally distilled, and 
the middle fraction used. The 2,4-dinitrochlorobenzene was crystallized 
from alcohol and melted at 51°C. The /3-form, m.p. 43°C., was also ob- 
tained and gave the same values for the velocity constant. The bases, 
aniline, o-toluidine, m^toluidine, ?n-chloroaniline, nt-bromoaniline, o-anisi- 
dine, and m-anisidine were purified by conversion to their acetyl com- 
pounds, whose melting points were as follows: after crystallization from 
water or aqueous alcohol acetanilide, 114°C.; acet-a-toluidide, 110®C.; 
acet-m-toluidide, 66®C.; acet-o-chloroanilide, 73°C. ; acet-m-bromoanilide, 
87®C. ; acet-o-anisidide, 84®C. ; acet-m-anisidide, 79®C. The acetyl deriva- 
tives were then hydrolyzed. The steam-distilled bases were dried and 
distilled under reduced pressure or at ordinary pressure for aniline and the 
toluidines. The solid bases w^ere generally purified by crystallization from 
suitable solvents: p-toluidine, 44°C. (petroleum ether); p-chloroaniline, 
70.5®C. (absolute alcohol); p-bromoaniline, 63®C. (absolute alcohol); p- 
anisidine, 67®C. (distilled under reduced pressure); /8-naphthylamine, 

1 1 1 .5®C. (absolute alcohol) . 

Solutions of known strength of dinitrochlorobenzene and the base in 
absolute alcohol were prepared and brought to thermostat temperature. 
The calculated volumes of each solution were then mixed in a 50-cc. glass- 
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stoppered flask and the volume made up to 50 cc. with absolute alcohol at 
the thermostat temperature; the time of mixing was taken as zero time. 
From time to time 10 cc. of the reaction mixture was withdrawn and run 
into a separating funnel containing 10 cc. of standard silver nitrate solution, 
dilute nitric acid, and 30 cc. of benzene. The excess silver nitrate was 
titrated with standard ammonium sulfocyanide, as described by Rhein- 
lander (11). In some cases the crystalline product made difficult the with- 
drawal of samples, and in these cases the reaction was carried out in test 
tubes into which was put 10 cc. of a solution of each reactant of the proper 
strength and the tube then sealed up. In the case of the anisidines the 
color of the solution interfered with the endpoint in the volumetric estima- 
tion, and the chlorine was therefore estimated gravimetrically. The 


TABLE 6 

Results of some typical experiments at 4S^C, 


RmACTANTS 

TIME IN 
MINUTES 

NH 4 CNS 

IN CC. 

A«C1 

IN ORAMH 

X 

A/2 - X 

B — X 


0.4 M aniline; 0.9950 

74 

13.95 


0.0282 

0.1718 

0.0718 

0.0121 

JV/10AgNO,;1.0230 

108 

12.1 


0.0376 

0.1624 

0.0624 

0.0122 

N/2d NH4CNS 

140 

10.7 


0.0448 

0.1552 

0.0552 

0.0122 


156 

9.8 


0.0494 

0.1506 

0.0506 

0.0127 

0.8 ilf p-cbloroaniline; 

513 

7.75 


0.0615 

0 3385 

0.0385 

0.00256 

1.0105 iV/lOAgNOi; 

699 

5.60 


0.0725 

0.3275 I 

0.0275 

0.00260 

1.0207 N/10 

900 

4.15 


0.0799 

0.3201 

0 0201 

0.00256 

NH 4 CNS 

1067 

3.20 


0.0847 

0 3153 

0.0153 

0 00256 

0.4 M p-anisidine 

12.01* 


0.0541 

0.0378 

0.1622 

0.0622 

0.111 


15.48 


0,0652 

0 0455 

0.1545 

0.0545 

0.1095 


18.55 


0.0725 

0.0506 

0,1494 

0.0494 

0.1095 


21.45 


0.0797 

0.0556 

0.1444 

0 0444 

0.112 


* 12.01 means 12 minutes 1 second. 


results of some typical experiments are given in table 6; in all cases the 
concentration of the 2,4-dinitrochlorobenzene was 0.1 ilf. The reaction is 

2XCja4NH2 + C«Ha(N 02 ) 2 Cl = XC6H4NHC6H8(N02)2 + XC 6 H 4 NH 8 CI 

hence if [base] = A and [2, 4-dinitrochlorobenzene] = B 

^ = k{A~ 2x)(B - x) 


whence 


k 


1 1 
2t A/2 - B 


2-303 logu - 


B 

A/2 
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The reaction was very sensitive to the purity of the bases used. The 
so-called pure, distilled aniline gave a distinctly higher velocity constant 
than that given by the base prepared from the pure acetyl compound. 
The best commercial o-toluidine gave interesting results; the velocity 
constant fell off during the progress of the reaction. When the base was 
purified through the acetyl compound, a much lower initial value of the 
velocity constant was obtained and no falling-off during the reaction was 
observed, indicating that the commercial product contained a small 
amount of a more rapidly reacting impurity. This reaction may, there- 
fore, be used as a test of the purity of aromatic amines. jS-Naphthylamine 
was too sparingly soluble in alcohol at 35®C. for results to be obtained at 

0.8 M concentration. The figure for a-naphthylamine at 0.4 M and 35®C. 
is only approximate. Dinitrochlorobenzene had no action on ethyl alcohol 
under the conditions of these experiments. 

SUMMARY 

1. The velocity of reaction of 2,4-dinitrochlorobenzene at 35®C. and 
45®C. with the following bases at 0.4 and 0.8 M concentration has })een 
found: aniline, o-, ?n-, and p-toluidine, m- and p-chloroaniline, mr and p- 
bromoanilinc, o-, m-, and p-anisidine, and a- and /3-naphthylamine, 

2. The energies of activation for these reactions have been calculated. 

3. The effect on the energy of activation of transferring a substituent 
from the meta- to the para-position is that predicted by the Lapworth- 
Robinson hypothesis. 

4. The changes in energy of activation for the meta and para com- 
pounds have been compared with the dipole moments; the position of 
p-anisidine is anomalous. In the meta series both m-toluidine and m- 
anisidine occupy anomalous positions. 

5. The low rate of reaction of o-toluidine seems due to a high energy of 
activation. The steric effect is thus an energy barrier. 

6. In general, energy of activation seems the chief factor in determining 
velocity of reaction, but the reaction probabilities are not constant and the 
results are not decisive. 

We thank the University of Rangoon for a grant tow ards the cost of this 
investigation, which is being continued. 
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The following investigation was undertaken with a view to studying 
the anomalous behavior of sulfur monochloride in connection with its 
boiling-point elevation as contrasted with its depression of the freezing 
point. 

Raoult (13), near the end of the last century, measured the freezing- 
point lowering of glacial acetic acid and of benzene due to the addition of 
sulfur monochloride. The molecular weight of the monochloride as cal- 
culated from those data was 135, which corresponds to the formula S 2 CI 2 . 
This value agrees with those Dumas (9) and Marchand (9) found inde- 
pendently by vapor density measurements. Beckmann and Geib (3) 
and Beckmann and Junker (4) obtained similar results by the cryoscopic 
method, using a number of low’-boiling solvents, e.g., ethyl chloride, sulfur 
dioxide, and phosgene. 

The earliest mention of an investigation by a boiling-point method came 
in 1899, Oddo and Serra (12), using the Beckmann boiling-point ap- 
paratus, found the molecular weight of sulfur monochloride in benzene 
and carbon tetrachloride to be abnormal, i.e., 190 and 173, respectively. 
Two years later, however, Oddo (11) repeated the work more carefully and 
at the same time used a more rigorous method of calculation. This time 
he found the molecular weight in the same tw^o solvents to be about 150, 
showing therefore no effect due to the solvent. However, he did find a 
slight increase in this value with increase in concentration. 

From that time on the system sulfur-chlorine has been studied in more 
or less detail, but it w^as not until recently that more w^ork w^as done on the 
molecular weight of sulfur monochloride in solution. Jones (6), by an 
ebullioscopic method, obtained a value in excess of 160 for the molecular 
weight of sulfur monochloride in carbon tetrachloride. His experiments 
also indicate that there is actually an effect due to the nature of the sol- 
vent. These results when taken in conjunction with those of Oddo indi- 

^ Based on a dissertation submitted June, 1935, to the Board of University 
Studies of the Johns Hopkins University in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 
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cate strongly that there is an inconstancy in the molecular composition of 
sulfur monochloride. 

In view of the volatility of sulfur monochloride, with the resultant un- 
certainty in the composition of the solutions, it became necessary to limit 
the investigation to very dilute solutions. This limitation was advanta- 
geous from two standpoints. In the first place, change in the composition of 
the solution during ebullition was made negligible, and in the second place, 
no reasonable doubt could be entertained in regard to the application of 
Raoult’s law. 

Raoult’s law may be applied in the following form if we take the vapor 
pressure of the solution at the boiling point to be equal to the sum of the 
partial pressures of the two components, 

[760 + {dPJdTjd ATJxa -|- [Pb® + (dP^/dTs) ATIxe = 760 

The second term on the left is the correction due to the volatility of the 
solute, where Pb is the vapor pressure of the solute at the boihng point of 
the solution and dPji/dTs is the slope of the vapor pressure curve at that 
temperature. When the solute is non-volatile both of these terms equal 
zero and the familiar relationship AT = B^b remains. 

EXPERIMENTAL 

Matericds 

In order to get some information on the effect of temperature, solvents 
with boiling points as far apart as possible were used. Because of the 
reactivity of the sulfur monochloride, it was rather diflScult to obtain a 
large number of inert solvents. The liquids finally used were benzene, 
carbon tetrachloride, chloroform, cyclohexane, and toluene. 

Benzene that had been purified by the method described by Greer (5) 
was available. Since it was known to be free of thiophene and carbon 
disulfide it was used without further treatment. Baker’s c.p. carbon 
tetrachloride was distilled on the 11-foot, modified Podbielniak still de- 
scribed by Zinc (14). The fraction which had the value for * of 1.4575 
was used. The cyclohexane was of Kahlbaum’s “reagent” grade, and it 
was deemed unnecessary to purify it further. Baker’s c.p. chloroform, 
which contains 0.5 per cent of alcohol, was treated in the following manner. 
Several hundred cubic centimeters of the chloroform was refluxed with 
1 to 2 per cent of sulfur monochloride for about thirty hours. The re- 
sulting solution was washed several times with a solution of pure sodium 
hydroxide and finally with distilled water. The chloroform was stored 
over cidcium chloride for several days, and was then distilled in a closed 
system. Baker’s c.p. toluene was treated in the same manner as that 
described for chloroform. 
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Merckxs ‘^technical grade^’ sulfur monochloride was distilled from 1 
per cent of sulfur and 1 per cent of activated charcoal in the manner indi- 
cated by Mann, Vernon, and Pope (8). The final distillation was made in 
an all-glass still, using a 3-foot refluxing column filled with glass beads. 
In order to prevent contact with the air on transferring the sulfur mono- 
chloride from the receiver to the flask which was to hold it, the still was 
filled with dried nitrogen. The nitrogen was run through a three-way 
stopcock placed just in front of the pump. The sulfur monochloride was 
kept in a glass-stoppered Erlenmeyer flask from which the air had been 
displaced by dried nitrogen. The flask was then placed in a desiccator 
over calcium chloride. 



Apparatus 

Many types of ebullioscope are described in the literature, but it w^as 
thought best to design one modelled along the lines of the original Cottrell 
flask, which W’ould be best adapted to the present purposes. The flask, 
consisting of three parts, is shown in figure 1. The lower body, a, is merely 
a piece of glass tubing 4.5 cm. in diameter, closed off at one end and ground 
at the other as the female of a ground-glass joint. The upper body, B, 
carries, besides the male of the ground joint, a shield and thermocouple 
well sealed into the top by a double ring seal. A condenser is sealed into 
the top on the outside at an angle of about 50®. The pump, C, is of a 
type used by Mair (7), the main difference being in the use of shorter arms 
and the absence of the heating element which he has sealed in the bottom. 
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The pump is flared at the bottom to cover a wider area which was a conse- 
quence of the use of external heating. Two identical flasks, one contain- 
ing pure solvent and the other the solution, were used side by side in all 
the experiments in order to overcome the effects due to the fluctuation of 
the atmospheric pressure. 

Because of the corrosive character of sulfur monochloride it was impos- 
sible to use the more efficient method of internal heating. The heat was 
supplied from the outside by two small, identical, electric heaters. The 
cores of the ovens were copper rods, shaped as tacks with concave heads. 
These were wound with 6 feet of No. 24 B & S nichrome wire, each oven 
having a resistance of 16.6 ohms. The ovens were connected in series 
with each other, so that voltage changes in the line would affect both 
similarly. A variable resistance was also placed in the heating circuit, 
in series, to control the current input. 

A differential method of measuring the boiling-point rise, which is fully 
described by Jones (6) and Zinc (14), was used. It consisted merely of a 
galvanometer used as a deflection instrument and a simple two-junction 
thermocouple. The thermocouple consisted of No. 36 B & S double silk- 
covered copper wire and No. 30 B & S double silk-covered constantan, 
both of which were obtained from the Driver, Harris Co. 

Procedure 

The apparatus was calibrated by measuring the difference in tempera- 
ture between boiling carbon tetrachloride and a solution of naphthalene 
in carbon tetrachloride of known composition. Baker’s c.f. naphthalene, 
which contains only 0.002 per cent of non-volatile matter, was sublimed 
three times before being used in the calibration. 

The actual measurements were made by first obtaining the galvanome- 
ter reading with no current flowing, merely as a reference point. Then 
with pure solvent boiling in each flask an initial reading was taken. After 
the flasks had cooled sufficiently the one which was to contain the solution 
was opened and a weighed amount of sulfur monochloride added. During 
the introduction of the solute a slow stream of dried nitrogen flowed 
through the flask continuously. The flask was then closed and both ves- 
sels were connected by pieces of rubber tubing, from the end of their con- 
densers, to a large copper box containing calcium chloride. The box was 
open, at the far end, to the air. The heating current was started again, 
and after the liquid in both flasks was boiling evenly another reading was 
taken. The difference in the two positions on the scale gave the boiling- 
point rise directly. Several additions of solute were made in each experi- 
ment imtil the galvanometer mirror had swung over almost the whole 
scale. 



MOLECULAR WEIGHT CHANGES OF SULFUR MONOCHLORIDE 683 


TABLE 1 

Sulfur monochloride and benzene (see figure B) 


X 

w 

0 02005 

140.0 

0.03733 

148 5 

0 04674 

152 4 

0.05057 

152 5 

0.06617 

155.3 


4* (in figure 2) represents values of x and 
W obtained February 27, 1935 


z 

w 

0.01240 

136 6 

0.02470 

143 6 

0 03704 

148.4 

1 0.04653 

153.7 

! 0 05945 

153.9 

1 0 06645 

154 4 


• (in figure 2) represents values of x 
and W obtained March 21, 1935 


TABI.E 2 


Sulfur monochloride and cyclohexane (see figure S) 


X 

w 

X 

w 

X 

W 

0.00491 

149.5 

0.01376 

152 9 

0 01694 

155.2 

0 02265 

153 7 

0 02640 

158 2 

0 03465 

161 2 

0 03697 

160 2 

0.04335 

165 7 

0 04715 

167.6 

0 04933 

165 6 

0 05078 

167 8 

0 05670 

168 1 

0 05946 

168 7 

0 06126 

168 8 

0.06840 

172.2 

0 06501 

169 5 





O (in figure 3) represents 

-f- (in figure 3) represents 

• (in figure 3) represents 

values of a 

; and W ob- 

values of x and W ob- 

values of x and W ob- 

tained March 4, 1935 

tained March 6, 1935 

tained March 15, 1935 


TABLE 3 

Sulfur monochloride and chloroform (see figure 4) 


X 

w 1 

0 00824 

193 4 

0 02332 

167.2 

0 03373 

165 8 

0 04540 

163 9 

0 05386 

164 4 


O (in figure 4) represents values of x and 
W obtained March 13, 1935 


z 

ir 

0 00943 

187.9 

0 02156 

169 0 

0 02992 

166 2 

0.04050 

164 7 

0 05685 

165 4 


-h (in figure 4) represents values of x 
and W obtained March 14, 1935 


RESULTS 

Calibrations were made at various intervals throughout the series of 
experiments and an average of all the values was obtained. Using 31.9 
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TABLE 4 


Sulfur monochloride and toluene (eee figure S) 


X 

w 

X 

W 

0.01542 

89.4 

0.01857 

94.6 

0.02902 

102.5 

0.04707 

111.7 

0.04851 

107.1 

0.06499 

112,9 

0.00338 

112.6 

0.08621 

105.0 

0.07340 

113.5 

0.11006 

101.9 

0.09235 

109.6 



0.11277 

99.8 



O (in figure 5) represents values of x and 

-f (in figure 5) represents values of x 

W obtained March 27, 1935 

and W obtained March 29, 1935 


TABLE 6 


Sulfur monochloride and carbon tetrachloride {see figure 6) 


X 

w 

X 

w 

X 

w 

X 

w 

0.01749 

143.5 

0.01519 

wm 

0.01438 

157.1 

0.01618 

183.6 

0.02817 

147.2 

0.02345 


0.02425 

159.7 

0.02599 

182.1 

0.04545 

153.9 

0.03649 

■Ml 

0.03538 


0.03551 

180.9 

0.05643 

156 8 

0.04730 

162.6 

0.04677 

169.9 

0.04350 

180.8 

0.06334 

158.0 

0.05715 

166.2 

0 05989 

172.5 

0.05013 

0.06099 

182.0 

183.0 

Values obtained 

Values obtained 

Values obtained 

Values obtained 

February 20, 1935 

March 1, 1935 

March 12, 1935 

April 8, 1935 



Pig. 2. Sulfur monochloride and benzene. O, February 22, 1935; +, February 27, 

1935; •, March 21, 1935 

Fig. 3. Sulfur monochloride and cyclohexane. O, March 4, 1935; +, March 6, 1985; 

• , March 15, 1935 
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MOLE FRACTION 


Fio. 4 Fig. 5 

Fig. 4, Sulfur monochloride and chloroform. O, March 13, 1935; -f , March 14, 1935 
Fig. 5. Sulfur monochloride and toluene. O, March 27, 1935; -f , March 29, 1935 
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MOLE FRACTION TEMPCPMURE 


Fig. 6 Fig. 7 

Fig. 6 . Sulfur monochloride and carbon tetrachloride. I, February 20, 1935, II, 
March 1, 1935; III, March 12, 1935; IV, April 8, 1935 
Fig. 7. Effect of temperature on the molecular weight of sulfur monochloride 


as the boiling-point constant, it was found that each division was equiva- 
lent to 0.0393®C. 

In tables 1 to 6 x is the mole fraction of the solute and W is the molecu- 
lar weight calculated from the boiling-point rise. Two or more series of 




686 


W. A. PATBICX AND K. HACKBKUAN 


measurements were made with each solvent in order to afford a check. 
The values of all the experiments in the same solvent are plotted on a 
single ciu^e. 

In the experiments listed the age of the sulfur monochloride was about 
the same with each measurement in any one solvent and at no time was it 
more than fifteen days old. In table 6 is listed an experiment in which 
sulfur monochloride which had been distilled on February 19, 1936 was 
used throughout. 

One observation may be noted here in connection with the experiments 
in toluene. As the measurement progressed, the solution which had had 
the normal golden-yellow color of sulfur monochloride during the first hour 
of boiling, became gradually darker imtil at the conclusion of the experi- 
ment the liquid was a very definite pink. There was no indication of a 
color change in any of the other solutions. 

DISCUSSION 

We are forced to the conclusion that the molecular weight of sulfur 
monochloride exhibits a rather puzzling series of changes. It is obviously 
necessary to consider the method of preparation and the age of the com- 
pound, as well as the concentration and temperature of the solution in 
which the molecular weight is being determined. It might be well to 
mention here that the toluene experiments do not properly form a part 
of this study, since it is obvious that the high temperatures brought about 
the formation of sulfur dichloride, as evidenced by the pink color of the 
solutions. This causes complications of a nature which the data at hand 
are inadequate in solving. Moreover, the region past the maximum in 
figure 5 is somewhat outside the realm of dilute solutions and Raoult’s 
law cannot be justly expected to apply. 

Two simple conclusions may be drawn from the remaining experiments. 
First, we are dealing with a polymerized molecule which dissociates at 
hi^er temperatures. Figure 7 shows the molecular weight of sulfur 
monochloride, when x is approximately 0.02 in the various solvents, plotted 
as ordinate against the boiling point of the solvent as abscissa. Although 
the cyclohexane value is not in very good agreement, the effect of tempera- 
ture is still unmistakable. 

Second, the carbon tetrachloride experiments indicate that a progres- 
sive polymerization is taking place in the pure sulfur monochloride. From 
these results it would appear that the real equilibrium is not being measured 
in the boiling liquids, but that the true equilibrium rests on the side of the 
polsmerized molecule (note the carbon tetrachloride experiment of April 
8, 1935). It then becomes necessary to discover the cause of the sluggish- 
ness and the anomalous behavior of the reaction. 

Furthermore the conditions of age and temperature are insufficient in 
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explaining all of the facts. For example, when using chloroform as the 
solvent we find that the molecular weight increases with dilution. Such 
behavior is hardly consistent with the law of mass action. If 

(AB)2 ^ 2(AB) 

dilution will certainly cause an increase in the right-hand member. 

In the chloroform experiments one finds the molecular weight approach- 
ing 200 in the most dilute solutions and falling to 164 at a mole fraction of 
0.044. A double molecule of sulfur monochloride should exhibit a molec- 
ular weight of 270, but such a condition should result in an increase in 
molecular weight with increasing concentration. The following assump- 
tion, however, offers some interesting possibilities: 

2S2d2 S4CI4 82014 -|- 82 

il 

We have here a series of changes whereby sulfur monochloride breaks 
up to form 82CI4 and Ss. From one mole of sulfur monochloride there 
would be formed a/8 moles of Sg and a/2 moles of S2CI4, where a is the 
fraction transformed. The total number of moles at equilibrium would be 

1 — • a + «/2 a/8 = 1 — 3a/8 

If a = 1 the molecular weight is 216, and if a = 0 it is 135. By such a 
mechanism it is possible to account for a variation in molecular weights 
from 135 to 216, which is approximately the range covered in the ex- 
periments. 

The effect of concentration before the final stage of equilibrium is reached 
is probably best explained by the effect of the solvent and temperature on 
sulfur itself. If we assume a reaction such as that just above we are 
permitted to postulate a great many forms of sulfur. Mellor (10) cites 
examples of the many different forms of sulfur existing in various solvents 
and at different temperatures. Furthermore the presence of the suKur 
monochloride may alter the form of the sulfur markedly. Aten (2), for 
example, reported that in a solution of sulfur in sulfur monochloride there 
existed a ternary mixture of 82CI2, Sx, and what he called Sx. In a previ- 
ous paper (1) he showed that the molecule 8x is 83 and that of 8x is 84. 
The latter form alone may be sufficient to explain the apparent change in 
molecular weight with concentration, but if it is not adequate, certainly 
with all the possible ramifications of sulfur there may well exist, to some 
extent at least, the molecule 82. In this connection it is important to 
remember that the nature of the solvent may be profoundly altered by the 
presence of the sulfur monochloride. 
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SUMMARY 

1 . A modified Cottrell ebullioscope has been described. 

2 . The molecular weight of sulfur monochloride has been measured in 
various inert solvents at different concentrations. 

3. It has been shown that the molecular weight of the sulfur monochlo- 
ride seems to be affected by its age, the temperature, the nature of the 
solvent, and the concentration. 

4. It has been postulated that the abnormal molecular weight is due to 
the presence of a polymer ( 82012 ) 2 , which breaks up into Sg and S2CI4; 
also that the change in weight with concentration is due to an equilibrium 
between large and small molecules of sulfur. 
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INTRODUCTION 

Ferric sulfate, Fe 2 (S 04 ) 8 , with aqueous hydrogen sulfate forms a three- 
component system, but it is only in high concentrations of the acid that 
ferric sulfate is truly a component. At lower concentrations it is hydro- 
lyzed, and the stable solid in contact with the liquid is either a basic sulfate 
or a solid solution of basic character. Furthermore, at ordinary tempera- 
tures no ferric sulfate of definite composition can exist as stable solid in 
contact with an aqueous solution unless the ratio of SO3 to Fe 208 be greater 
in the liquid phase than in the solid (1). Consequently, it would be ex- 
pected that the addition of ferric sulfate to the aqueous solution of another 
sulfate must necessarily produce a four-component system. 

However, alums, pseudo alums, and other double salts have been re- 
ported as crystallizing from clear solutions. Similar observations have 
been made on analogous aluminum compounds. The crystallization of 
ordinary potassium or ammonium alum is commonplace. Dobbins and 
his coworkers have shown in this laboratory that sodium alum is stable 
over wide ranges of concentration and a fairly wide range of temperature 
(2). Occleshaw has reported the pseudo alum FeS04-Al2(S04)3-24H20 
related to the mineral halotrichite (3) ; the manganese compound 
MnS04*Al2(S04)3-24H20 and others are known. The possibility exists, 
therefore, under some conditions of temperature and concentration, of 
considering an aqueous solution of ferric sulfate and another sulfate as a 
three-component system. 

From preliminary experiments it appeared difficult to obtain solutions 
from which some indefinite ferruginous material would not precipitate. 
It was attempted to add sufficient excess of sulfuric acid to prevent the 
indefinite solid from precipitating and to maintain a constant ratio between 
the excess acid and water. This latter condition was impracticable of 
complete realization. But the indefinite ferruginous material being ap- 
parently but slightly soluble, it was decided to ignore it with the slight 
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TABLE 1 

Ferric sulfate in aqueous solutions of other sulfates at 


UQUID PHASB 

1 RB8IDUB 

i 

tS 

I 

1 

1 

1 

s 

Z 

I 

1 

£ 

! 

ptr e§ni 

per cent 

per cent 

per ceni 

per ceni 

per unt 

1.4 

44 5 

+0.7 




1.5 

44.2 

+ 1.1 




1.7 

44.4 

+2.3 




1.9 

43.1 

0.98 


41.9 


2.2 

39.2 





3.3 

32.8 





4.8 

28.7 





11.7 

20.6 

0.9 


40.9 


14.8 

18 0 


14.2 

41.1 


17.3 

16.3 

2.5 




26.6 

9.0 





40 8 

1.4 





44.2 

0 5 

0 8 





•t 

i 



i 


i 

1 

9. 

s' 

I 


i 


a 

1 

& 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

2.83 

27.8 

0.4 

28.8 

37.3 

4 4 

2.94 

24 3 

0.7 

29 8 

35.6 

4.3 

3.34* 

21.8 

2.8 

29.6 

36,6 

3.8 

3.38 

20.8 

0.9 

29.8 

36.0 

4.2 

4.56 

13.1 

1.7 




5.43 

11.2 

1.4 




5.32 


1.9 


33.3 

3.9 

6.21 


2.1 

29.4 

32.3 

3.6 

8.0 

2.35 

1.58 




11.7 

0.85 

0.59 




11.9 

0.69 

0 68 




11.8 

0.31 

0.55 




11.5 


0.26 




11.3 


0.11 




12.2t 

1.25 

1.27 




12.0t 

1.28 

1.41 




12.5t 

1.53 

1.86 




13.lt 

1.68 

2.24 




13. 7t 

1.88 

2.7 





SOLID PBABS 


? 

? 

(NH 4 ) 2 S 04 Fe2(S04)a-24H20 and inde- 
finite mixture 

(NH4)2S04 • Fe2(S04)5 • 24H,0 
(NH4)2S04Fe,(S04)*-24H20 
(NH4)2S04-Fe2(S04),*24H20 
(NH4)2S04 • Fe2(S04), • 24 H 2 O 
(NH4)2S04 • Fe2(S04)3 • 24 H 2 O 
(NH 4 ) 2 S 04 • Fe 2 (S 04)3 • 24 H 2 O 
(NH4)2S04*Fe2(S04)3-24H20 and 
(NH4)2S04 
(NH4)2S04 
(NH4)2S04 
(NH4)2S04 


2K2S04Fe2(S04)3l4H20 

2K2S04Fe2(S04)3l4H20 

2K2S04*Fe2(S04)3l4H20 

2X2804- Fe2(S04)»14H20 

2K2S04Fe2(S04)3l4H20 

2K2S04Fe2(S04)3‘14H20 

2X2804- Fe2(S04)3l4H20 

2X2804 Fe2(804)8 l4H20 

2X2804-Fe2(804)*-14H20 

2X2804 Fe2(804)3 l4H20 and X28O4 

X,804 

X28O4 

X28O4 

X28O4 

2Xa804 Fe3(804)3-14H,0 and X28O4 
2X,804 Fe2(804)3 l4H30 and X2SO4 
2X2804- Fe8(804)3 l4H20 and XaSOa 
2X2804- Fe2(804)3-14H20 and X28O4 
2X2804-Fe,(S04)3-14H20 and X2SO4 
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TABLE 1 — Concluded 


LXQOID PHASE j 

RESIDUE 

SOLID PHASE 

£ 

1 

1 

s' 

1 

H 

(X4 

i 

1 

d 

02 

1 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 


0.38 

44 75 

1 48 

0 04 

48 14 

-4 43 

Basic ferric sulfate 

0.82 

44 15 

1 93 

0 a5 

48 51 

-4 09 

Basic ferric sulfate 

1 36 

43 79 

3 19 

0 08 

47 40 

-4 08 

Basic ferric sulfate 

2 01 

43 32 

2 98 




Basic ferric sulfate 

2 53 

42 25 

2 47 

1 63 

44 74 

-4 44 

Basic ferric sulfate 

2 61 

43 25 

1 12 i 




Basic ferric sulfate 

3 07t 

42 60 

1 56 

4 10 

44 25 

-4 05 

FeS 04 -71120 and a basic ferric sulfate 

3 26t 

41 71 

1 99 

7 90 

40 10 

-2 99 

FeS 04 -71120 and a basic ferric sulfate 

4 90t 

39 80 

2 86 

10 36 

41 54 

-3 95 

FeS 04 -71120 and a basic ferric sulfate 

5 30t 

38 42 

3 61 

6 91 

43 41 

-4 47 

FeS04 -71120 and a basic ferric sulfate 

8 16 

36 60 

1 90 




Fe804-7H20 and ferric sulfate 

10 47 

28 36| 

0 25 

49 89 

6 26 

-0 55 

FeS04-7H20 

11 29 

23 38 

1 16 




FeS04-7H20 

15 23 

16 64 

0 04 

53 15 

2 86 

0 45 

FeS04-7H20 

18 39 

9 59i 

0 21 




FeS04-7H20 

19 04 

8 70 

0 18 




FeS04-7H20 

19 23 

7 52 

1 73 1 




FeS04-7H20 

20 24 

5 73 

-0 21 i 

22 96 

1 07 

0.20 

FeS04-7H20 

21 30 

3 02 

-0 53 




FeS04 -71120 

22 06 

2 50 

0 31 




FeS04*7H20 

22 50 1 

1 

1 36 

0 63 

49 70 

0 50 

0 45 

FeS04-7H20 


* Solution obtained by dissolving the alum K2SO4* Fe2(S04).r 24 H 2 O in water alone, 
t Probably, points on a boundary curve of a four-component system, 
t Probably, points on a boundary curve of a four-component system. 


excess of acid and proceed as if dealing with a three-component system, 
meanwhile acquiring the data necessary to treat the several systems as of 
four components. 

Series were made of aqueous solutions of ferric sulfate and either ammo- 
nium sulfate, potassium sulfate, or ferrous sulfate, and agitated continu- 
ously in thermostats for upwards of four months. tVom time to time the 
liquid phases were analyzed, until they had reached a steady state. The 
final results for 25®C. are given in table 1. Recalculated to the basis of 
moles per 100 grams of solution they are plotted on the right-angled isos- 
celes triangle, in figure 1, as offering the best comparisons of them. The 
data are included for ferric sulfate in aqueous solutions of sulfuric acid, 
recalculated from analyses by Constable (3). 
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AHMONITJH SU1<FA.TI!-FERRIC StrLFATG-WATEB 

The system was studied at 25°C. by J. E. Hunter (5). Much difficulty 
was encountered in preparing solutions from which basic ferruginous solids 
would not precipitate on standing. In contact with solutions containing 
from 1.7 per cent ammonium sulfate and about 44.5 per cent ferric sulfate 
to 17.3 per cent ammonium sulfate and 16.3 per cent ferric sulfate, the 
stable solid is the alum (NH4)»S04-Fes(S04)»-24H*0. At lower concen- 
trations of ammonium sulfate the solid is a more basic precipitate of iron 
sulfates, while at higher concentrations the solid is ammonium sulfate. 
The tie lines for solutions and corresponding residues do not give a perfectly 
unique crossing for the alum, but ones reasonably close to one another. 
Andysis of a dry residue gave 41.6 per cent ferric sulfate and 13.6 per cent 



Fio. 1 

ammonium sulfate against 41.5 per cent ferric sulfate and 13.9 per cent 
ammonium sulfate as required by the alum formula. 

The ammonium sulfate precipitates were all more or less contaminated 
by yellow ferruginous solids. A few only in which the contamination was 
sU^t are recorded here. To prevent this contamination would require 
the addition of much sulfuric acid and would markedly affect the solubility 
of the ammonium sulfate; the system would then become, inevitably, a 
four-component one. To prove the solid phase was ammonium sulfate, 
the carefully filtered, clear, mother liquors were placed in contact with 
solid ammonium sulfate for several days. Analysis of the liquid phase 
then showing no change in composition, it was concluded they were al- 
ready saturated with respect to ammonium sulfate when filtered, and the 
residues were essentially that salt. 
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It was shown by dilatometer measurements that ammonium ferric alum 
is stable below 36®C., above which temperature it decomposes. 

POTASSIUM SULFATE-FERRIC SULFATE-WATER 

This system has been studied by D. A. Pickier (9). According to the 
International Critical Tables, potassium ferric alum, K2S04 Fe2(S04)3- 
24H2O, is stable to 33°C. (7). In contact with its aqueous solution. Pickier 
has found that it decomposes above 17®C. to form another double sulfate 
of potassium and iron with the simultaneous formation of a very basic 
iron complex of low solubility. Satisfactory crystals of the alum were 
obtained by crystallizing from solutions at 0°C. and removing adhering 
mother liquor and basic ferruginous material with filter paper. A series of 
solutions was prepared, from alum, ferric sulfate, potassium sulfate, and 
appropriate amounts of sulfuric acid and water, and agitated for four 
months at 25®C., when a steady state had been realized. The data in 
table 1 are results of the final analyses. In contact with solutions from 
2.83 per cent potassium sulfate and 27.8 per cent ferric sulfate to 11.7 per 
cent potassium sulfate and 0.8 per cent ferric sulfate the solid phase is a 
double sulfate. At lower concentration of potassium sulfate the ferric 
sulfate hydrolyzes with precipitation of a more basic complex, and at 
higher concentrations the solid phase is potassium sulfate, K2SO4. 

A plot of the tie lines between solution and corresponding residue data 
indicates with reasonable certainty that the double salt contains two react- 
ing weights of potassium sulfate to one of ferric sulfate. On the line 
through the origin and corresponding to all mixtures in this proportion, 
points w'ere selected corresponding to different proportions of water of 
crystallization. Tie lines from the point corresponding to 14 molecules of 
water of crystallization to the solution points passed more closely to the 
points for corresponding residues than tie lines from any other point. 
Consequently, and beyond reasonable doubt, the formula for the double 
salt is 2K2S04 Fe2(S04)8‘ I4H2O. The solution and residue designated 
by an asterisk in table 1 were made from potassium ferric alum and water 
alone. The plotted tie line passes very close to the point representing the 
double salt. 

The solutions designated by a dagger (f) in table 1 w^ere obtained in an 
effort to realize a condition where pure potassium sulfate w^ould alone exist 
in the solid phase. The solubility of this salt evidently increases much 
more rapidly with addition of sulfuric acid than do the ferric complexes 
present. A boundary curve, in part, was realized where the solid phases 
are potassium sulfate and the double salt just described. In the three- 
component system obtained by keeping excess sulfuric acid at a minimum, 
the range of concentrations is very short over which potassium sulfate 
alone is the solid. 
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FERROUS SULFATE-FERRIC SULFATE-WATER 

The literature covering the effects of other sulfates on the solubility of 
ferrous sulfate has been summarized recently (8). In general, the solu- 
bility of ferrous sulfate is depressed in the presence of another sulfate. 
The formation of double salts is common. At high temperatures only is 
the hydrolysis of serious moment. 

The effects produced by the addition of ferric sulfate to solutions of 
ferrous sulfate have been studied by C. C. Hudson (5). The data for 
solutions agitated at 25®C. for seven months are included in table 1. 
There is a transition point or “constant solution^^ containing 8.16 per cent 
ferrous sulfate and 36.6 per cent ferric sulfate. With higher concentra- 
tions of the ferrous salt, the stable solid phase in contact with the solu- 
tions is FeS 04 *7H20. With concentrations less than 8.16 per cent ferrous 
sulfate, the nature of the solid phases is uncertain. 

Examination of the data shows, at very low concentrations of ferrous 
sulfate and hydrogen sulfate in the liquid phase, the solid phase approxi- 
mates in composition the basic sulfate Fe20s*2.5S08*7H20 recently de- 
scribed or a more basic ferric complex (solid solution) (1). As the concen- 
tration of ferrous iron increases in the liquid phase with more hydrogen 
sulfate the former increases in the solid phase, i.e., ferrous sulfate is a com- 
ponent of the solid phase. One is dealing with a four-component system 
and two phases are present in a mixture of solids. Calculated as oxides, 
for treatment as a four-component system, we find the solutions varying 
from one containing FeO, 0.18 per cent, Fe 203 , 17.9 per cent, SO3, 28.26 
per cent, and H 2 O, 53.64 per cent, to one containing FeO, 2.51 per cent, 
Fe208, 15.37 per cent, SOs, 28.94 per cent, and H 2 O, 53.18 per cent. The 
range of concentrations covered is so narrow that graphical treatment is 
difficult, and the data are insufficient to justify definite statements regard- 
ing the composition of the solid ferric complex encountered. In table 2 
are the results for a series kept at 50®C. for seven months. Again, at 
high concentrations of ferrous sulfate the heptahydrate, FeS 04 * 7 H 20 , 
is the stable solid. The constant solution at the transition point contains 
14.74 per cent ferrous sulfate and 32.94 per cent ferric sulfate. With very 
low concentration of ferrous sulfate in the liquid, the composition of the 
solid approaches the basic sulfate Fe 203 - 2.5803 • 7 H 2 O, but as the concen- 
tration of ferrous iron increases in the liquid it becomes an essential con- 
stituent of the solid phase or phases in contact with the liquid. Ferric 
hydroxide is very slightly soluble in solutions of ferrous sulfate at ordinary 
temperatures. In table 3 are the results of agitating the hydroxide in 
contact with solutions of varying composition at 50®C. for seven months. 
Though small, the solubility is appreciable and increases relatively more 
as the concentraton of the ferrous sulfate increases. The analysis of the 
residues shows a relatively greater absorption of SO4 than of ferrous iron 
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in the solid. Consequently it would seem necessary to assume that basic 
ferrous sulfates are present in the solids as well as basic ferric compounds. 
The data for liquids appear to fall on a boundary curve for a four-compo- 
nent system, but the nature of the two coexisting solid phases is indefinite. 

TABLE 2 


Ferric sulfate in aqueous solutions of ferrous sulfate at 50° C, 


LIQUID PHABS | 

RBBIDUB 

SOLID PHABB 

s 

& 

I 

1 

1 

S' 

r® 

I 

1 

! 

S 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 


0.19 

48 73 

0 78 




Basic ferric sulfate 

0 67 

46 54 

2 59 

0 49 

58 06 

00 

1 

Basic ferric sulfate 

3 67 

44.50 

1.33 




Basic ferric sulfate 

6 18 

41.03 

3 16 

11 21 

48 33 

-6 21 

Basic ferric sulfate and FeS 04 *71120 

6 28 

40 53 

3 00 

11 20 

47 69 

-6 17 

Basic ferric sulfate and FeS 04 *71120 

8 02 

38.87 

5.20 




Basic ferric sulfate and FeS 04 *71120 

10 55 

36 61 

2 50 

22 17 

46 43 

~6 10 

Basic ferric sulfate and FeS 04 *71120 

14.74 

32 94 

1 09 




FeS04*7H20 

19 40 

25 35 

0 95 

54 95 

10 74 

0 30 

FeS04*7H20 

21.76 

19 85 

1 01 

66 20 

4 61 

0 20 

FeS04*7H20 

27 88 

9 67 

0 22 




FeS04*7H20 

30 35 

5 40 

0 30 

53 97 

2.80 

0 51 

FeS04*7H20 

31 99 

2 79 

0 67 




FeS04*7H20 


TABLE 3 


Composition of liquids and residues obtained by treating solutions of ferrous sulfate with 

ferric hydrate 


LIQUID PH ASK 

RESIDUE 

Fe 

Fe 

SO4 

Fe 

Fe 

SO4 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

3 50 

0 15 

6 34 

0 96 

40 03 

5 95 

4 27 

0 19 

7 61 

0 14 

38 18 

6 80 

5 15 

0 22 

9 55 

0 14 

38 18 

6 80 

6 72 

0 25 

12 (K) 

2 10 

45 00 

8 43 

8.38 

0.36 

15 47 





In dilute solutions of ferrous sulfate, the system is always a four-com- 
ponent one. 

No double salt, nor pseudo alum analogous to that described by Occle- 
shaw, exists between 25®C. and 50®C. at any concentration of ferrous 
sulfate. 
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SUMMABY 

It is shown that, generally, the addition of ferric sulfate to an aqueous 
solution lowers the solubility of another sulfate. At extreme dilutions 
when hydrolysis is nearly complete, sulfates which form disulfates with 
sulfuric acid, such as ammonium sulfate and potassium sulfate, may be- 
come more soluble, but over a very small range of concentration. 

With ferrous sulfate, no double salt is formed between 25®C. and 50®C. 
at any concentration of ferric sulfate. 

With ammonium sulfate, an alum is formed below 36®C., and the range 
of concentrations over which it exists at 25°C. is shown, with approximate 
accuracy. 

With potassium sulfate an alum exists below 16®C. over a wide range of 
concentration. It is not stable above 16®C., but a double salt, 2K2S04- 
Fe2(804)8* I4H2O is stable over all but very high or very low concentrations 
of ferric sulfate. The concentration limits are shown with approximate 
accuracy. 

At very low concentrations and at rather high concentrations of ferric 
sulfate in the presence of another sulfate, the system must be treated as 
composed of four components. But over wide ranges of concentration 
and temperature the system may be considered as composed of three com- 
ponents, and so treated, practically, with the addition of small excesses 
of sulfuric acid. 
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The Next Hundred Years: the Unfinished Business of Science. By C. C. Furnas. 
434 pp. Baltimore: Williams & Wilkins Co., 1936. Price: $3.00. 

Since the death of Slosson how often have we heard the lament that no one has 
risen to take his place in the popularizing of chemistry. In reading the present book 
the reviewer became convinced that this complaint need no longer be considered 
valid, although chemistry constitutes only a small part of the work. A freshness of 
viewpoint, an originality of treatment, a readiness of wit challenging our most 
cherished beliefs, — scientific and otherwise, — breadth of outlook and wide scope of 
subjects, all controlled by sound common sense, have been united with masterly 
genius. 

Although the work makes no claim of especially drawing upon or contributing to 
the field of physical chemistry, yet frequent use is made of its methods in dealing 
with the subjects treated, and any physical chemist will profit from and be enter- 
tained by this keen analysis of the present status and future problems of science. 

The topics are divided between the fields of biology, chemistry, physics, engineer- 
ing, and sociology. One cannot fail to be impressed by the wide range of knowledge 
displayed and the variety of problems discussed. The specialist will probably be 
most interested by the subjects remote from his owm field w’ith which he does not so 
often have contact. 

The usefulness and instructive features might have been enhanced by the introduc- 
tion of some tables, for example, of the vitamins and hormones and their functions. 

In spite of the caution and prevailing skepticism of the author, he occasionally 
displays a surprising degree of confidence in his predictions. Probably few’, if any, 
biologists wdll show’ his optimism as to the possibility of unlimited extension of the 
span of human life, nor many engineers or scientists follow’ him in believing that the 
utilization of sunlight as a power source is imminent. 

The book is not only thoughtfully written and instructive but is pervaded by an 
atmosphere of conviction and a sprightliness of presentation that make it a most 
readable work which can be recommended to any reader w'ho looks to the future w’ith 
an open mind. 

S. C. Lind. 

Electrolytic Oxidation and Reduction: Inorganic and Organic, By S. Glasstone 
and A. Hickling. Vol. IX of a Series of Monographs on Applied Chemistry 
edited by E. How^ard Tripp. 22 x 14 cm.; x -f- 420 pp. New York: D. Van 
Nostrand Company, Inc,, 1936. Price: $9.00. London: Chapman and Hall, 
Ltd,, 1935. Price: 258. 

This is a well-balanced monograph on the preparation of inorganic and organic 
compounds by electrolytic oxidation and reduction, in w’hich the basic theory is 
presented adequately and a wealth of practical information is to be found. Experi- 
mental methods are not discussed in detail, although the various factors affecting 
yields are treated systematically. Wherever possible the authors try to give an 
unbiased interpretation of the reaction mechanisms involved. They fully realize 
the limitations of our present knowledge of the subject. Although many problems 
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are left unsolved, the discussions given should stimulate further research in this 
intriguing field. 

The first three chapters (ninety-five pages) deal with * ‘Reversible Electrode 
Potentials,” “Polarization and Overvoltage,” and “Diffusion Phenomena in Electrol- 
ysis,” The theory underlying polarization is treated more extensively than in other 
texts, and is up-to-date. It is not quite clear why the saturated calomel electrode is 
less advantageous than the 0.1 iV* or 1 iV calomel electrodes on account of a high 
temperature coefficient (p. 13). The oxidation potentials of o-phenanthroline 
ferrous iron, and diphenylamine are not known at pH » 7; the data tabulated on 
p. 31 should refer to acid medium. In the calculation of electrode potentials during 
electrolysis (p. 72) the migration of ions should have been considered. This is 
mentioned later, but it would have been more logical to mention this on p. 72. 

The following chapters deal with reversible inorganic oxidation and reduction 
processes, irreversible organic and inorganic reduction processes, “polymerization of 
anions,” oxidation of fatty acids and their salts, irreversible inorganic and organic 
oxidation processes, and “anodic substitution.” An extensive list of literature 
references is given at the end of each chapter; the patent literature is considered 
throughout the text. It is regrettable that no attention is paid to the important 
investigations of Conant and coworkers on the “apparent oxidation potential” of 
various organic compounds. 

The above remarks do not detract from the value of this timely monograph, which 
is recommended to all those who for theoretical or practical reasons are interested in 
electrolytic preparations, and in electrode reactions in general. 

I. M. Kolthoff. 

Inorganic Colloid Chemistry. II. The Hydrous Oxides and Hydroxides. By H. B. 

Weiseb. 15.5 X 23.5 cm.; vii -f- 429 pp. New York: John Wiley and Sons, Inc., 

1935. Price: $4.75. 

The second volume in this series by Professor Weiser maintains the same high 
standard as Volume 1. As the subtitle indicates, this work covers about the same 
field as was covered by the author in his book. The Hydrous Oxides^ which he 
published about ten years ago. However the present work is in no sense a revision 
of the previous one. So much has been accomplished in this field in the ten year 
period that the work has been almost completely rewritten. X-ray analysis has 
proved that many of the substances considered to be hydrous oxides at that time are 
in reality hydrous hydroxides or hydrous oxide hydrates. These results have made 
extensive changes in the subject matter necessary. 

After a general introductory chapter which considers the preparation, properties, 
and nature of hydrous oxide sols and gels, the author in the next three chapters deals 
with the hydrous oxides of iron, the aluminum family, and chromium. The hydrous 
oxides of the other elements are taken up, where practicable, in the order in which 
they come in the periodic table. The last foiu chapters deal with technical applica- 
tions of these important types of substances and are titled “Mordants”; “Color 
Lakes of the Hydrous Oxides”; “Mineral Tanning”; and “Coagulants in Water 
Purification.” These last chapters add considerably to the value of the book from 
the technical point of view. Like the first volume of the series, this one is well 
illustrated and a complete list of references to original work is given. 

Those who have used Professor Weiser^s previous work on this subject will wel- 
come this new book. It is very complete and up-to-date. Colloid chemists will 
welcome this second member of the series on Inorganic Colloid Chemistry and will 
await the appearance of the third volume with interest. 


L. H. Reterbon. 
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Colorimetric Methods of Analysis. Volume I, Inorganic. By Foster Dee Snell 
and Cornelia T. Snell, xxiii + 766 pp. New York: D. Van Nostrand Co., 
1936. Price: $9.50. 

Of the physicochemical methods in daily use in analytical laboratories, the colori- 
metric doubtless hold first place. The size of the present work, compared with that 
of F. D. Sneirs Colorimetric Analysis^ published in 1921, attests the rapid develop- 
ment of this branch of analysis. The first volume of the second edition embraces a 
brief account of the principles of colorimetry, a rather full description of colorimetric 
apparatus, and a comprehensive collection of methods for the colorimetric determi- 
nation of both the common and the rarer elements; a few turbidimetric and nephelo- 
metric methods are included incidentally. A section of some fifty pages is devoted 
to the determination of hydrogen-ion concentration. Photoelectric colorimeters 
are described, and their application is discussed; the Pulfrich photometer receives 
mention. 

The book gives evidence of careful preparation, and there are only a trifling 
number of typographical errors; on page 51, in a footnote, the names of Emich and 
Donau are incorrectly given. One might wish that the authors had given a fuller 
discussion of the principles of colorimetry. The volume should prove a useful one 
for those making use of colorimetric methods. Since the authors have intentionally 
confined themselves to the practical side of the subject, the book is of little value to 
those interested in the theoretical aspects of colorimetry. 

E. B. Sandell. 

U eher katalytische Verursachung im hiologiscken Geschehen. (On Catalytic Causation 
in Biological Phenomena.) By Alwin Mittasch. 14.5 x 22 cm.; x -f 126 pp. 
Berlin: Julius Springer, 1935. Price: 5.70 RM. 

This is the publication in an extended form of an article which the author con- 
tributed to the periodical Die Naturwissenschaften with the subtitle “Auch ein 
Berzelius-Gedenken," as a tribute to the memory of Berzelius on the occasion of the 
centenary of the origination by Berzelius of the concept of catalysis in 1835. The 
present author is a chemist who urges many years experience in technical catalysis 
as an excuse for entering the field of biological catalysis, while admitting that the 
last word must rest with biologists. In the course of his review of the problem he 
deals with a large variety of subjects such as immunity, hormones, growth substances, 
vitamins, genes, and stimuli of various kinds. The treatment is largely philosophi- 
cal and in the course of the argument such subjects as holism, causality, vital force, 
and metaphysics are introduced. A feature of the book is the liberal citation of 
literature references and of lists of books for further reading. The postscript ends 
with a quotation from Goethe: ‘^Alles ist einfacher, als man denken kann; zugleich 
verschrankter, als man begreifen kann'^ (All things are simpler than one may think; 
at the same time more interlocked than one can conceive), — a statement which 
would seem quite appropriately to sum up the author's writing. 

P. Haas. 

Les Solutions Concentrdes. Th^orie et Applications auz MHanges Binaires de Com- 
poses Organiques. By Jean Timmermans. 647 pp.; 540 figures. Paris: Masson 
&Cie, 1935. 

It is difficult to give the reader an adequate idea of the w'ealth of material to be 
found in this book of Timmermans. Not only does he present the theory of various 
types of binary mixtures of organic substances but he also reproduces, in a very 
comprehensive manner, experimental data dealing with such properties of the 
mixtures as density, freezing point, boiling point, critical solution temperature, 
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refractive index, viscosity, surface tension, etc. The data are sometimes given in 
tables, but usually by means of accurately drawn graphs. 

The book includes a 26-page bibliography and a 49-page formula index of the 
binary systems discussed in the text. 

The usefulness of the book is somewhat impaired by the very individualistic 
system of symbols used by the author and by the very small type employed for 
letters and numbers in the graphical figures. 

F. H. MacDouqall. 

Solubility of Non-electrolytes, Second edition. By Joel H. Hildebrand. Ameri- 
can Chemical Society Monograph Series. 203 pp. New York City: Reinhold 

Publishing Corporation, 1935. ]^ice: $4.50. 

The appearance of a second edition of Dr. Hildebrand’s well-known book on 
solubility will bo welcomed by those who are familiar with the first edition. They 
will be glad to have available a portrayal in moderate compass of the progress that 
has been made during the last dozen years in the study of solutions. Dr. Hilde- 
brand’s monograph can be heartily recommended to the attention of all students of 
the properties of solutions. It is to be noted that only non-electrolytes are treated 
by the author. 

F. H. MacDouqall. 

Die Fermente und ihre Wirkungen, Supplement Bd I: Specieller Teil: Hauptteil 

VII~XV. By Carl Oppenheimer. The Hague, Holland: W. Junk Verlag, 

Scheveningsche Weg 74, 1935-36. Appearing in Lieferung of ca. 160 pp. each, 

20.5 X 28 cm. Priced at $6.80 per Lieferung. 

The chemist investigating enzyme reactions is dealing with organic catalysts 
elaborated by, and controlling the reactions in, living cells and tissues. Naturally 
the flood of papers appearing in this field is enormous. During 1924-1929 the massive 
four volumes Of the fifth edition of Oppenheimer’s Die Fermente und ihre Wirkung 
appeared and have been accepted as the standard reference work in the field of 
enzyme chemistry. 

The present volume deals with the literature which has appeared since the main 
series of volumes was published. Lieferung 1 to 5 are already published. They 
maintain the high standards which characterized the parent volumes. No other 
work of equivalent grade is available in this field. It is encyclopedic in scope and is 
invaluable to students of enzyme phenomena. 

Robb Aiken Gortner. 

Fundamentals of Biochemistry in Relation to Human Physiology, Fifth edition. 

By T. R. Parsons, xii + 453 pp. Baltimore : William Wood and Company, 1935. 

Price: $3.00. 

In 1923 the author, a member of the faculty of the University of Cambridge, 
published the first edition of this Fundamentals of Biochemistry, The book repre- 
sented an '^attempt to describe in a continuous story the more important generally- 
accepted principles which have been derived from the study of the changes occurring 
in the human body.” The author’s purpose that ”any merit my book may possess 
may result from its containing less of information rather than more than other books 
contain” has been successfully achieved and has made this book a welcome novelty 
in these days when many elementary texts appear to be designed rather to impress 
fellow scientists with the erudition of the author than to present an ’’introduction 
suitable for readers new to the subject.” 

Despite the large number of important recent advances in biochemistry, the 
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author has succeeded admirably in maintaining his original objective in this, the 
fifth, edition. The newer developments in the fields of pigments (fiavins), hormones, 
sterols, and vitamins are presented in a satisfactory manner with excellent citations 
of the literature for those who would read further. 

The reviewer knows of no elementary text in which the relations of physical 
chemistry to life are presented more simply and more effectively than in the two 
chapters under the headings of gas tensions, osmotic pressure, colloids, adsorption, 
the reaction of body fluids, and the functional importance of electrolytes. 

While the material presented is neither designed nor adequate in amount for the 
courses in biochemistry of our professional schools in this country, it affords a worthy 
introduction to the more comprehensive texts and as such should be readily available 
for these students. It can also be recommended as an excellent general presentation 
for the layman who wishes to be informed in modern developments of chemistry as 
related to vital activity. 

Howabd B. Lewis. 

Flame, By O. C. dbC. Ellis and W. A. Kirkby. Methuen's Monographs on 
Chemical Subjects. 17 x 11 cm.; vi + 106 pp. London: Methuen and Co., Ltd., 
1936. Price: 3/ net. 

The study of the initiation and propagation of flame in gaseous mixtures has not 
only become increasingly important in recent years by reason of its relation to the 
internal combustion engine, but has also received much attention in the research 
laboratory. The authors deal not only with the physical aspects of combustion but 
also with such matters as the effect of temperature and pressure on flame equilibria, 
chain reactions, and free radicals. They give 160 references to literature, including 
very recent work, and in the space at their disposal they present a review of the 
subject which is both authoritative and interesting. The illustrations comprise a 
plate and fourteen diagrams. 

J. R. Partington. 

Aluminium-Legierungen. I Teil zugleich Anhang zu Aluminium Teil A in Gmelins 
Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von der Deut- 
schen Chemischen Gesellschaft. By A. Grutznbr and G. Apel. 26 x 18 cm.; 
342 pp. Berlin: Verlag Chemie, 1936. Price: 26.25 marks (in Germany, 35 
marks). 

The book gives a list of aluminum alloys classified according to a system, with the 
compositions, properties, and applications, and references to literature and patents. 
To the metallurgist and technician it will be of great utility. 

J. R. Partington. 

Gmelins Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 4: Stickstoff. Lieferung 3. 
26 X 18 cm.; pp. 507-854. Berlin: Verlag Chemie, 1936. Price: 41.25 marks 
(in Germany, 55 marks). 

The present section deals with the oxides of nitrogen. It includes a very detailed 
discussion of the technical formation of nitric oxide in the electric arc and by the 
oxidation of ammonia. The latter, as the most important modern process for the 
manufacture of nitric acid, receives special attention, and this section is perhaps 
the best and fullest account of the subject which has yet appeared. The rest of the 
volume is also of high standard and includes many discussions of physicochemical 
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and technical interest. As an example, the account of the reaction 2NO + Os 
2 NO 3 , with a wealth of numerical data, may be mentioned. 

J. R. Partington. 

Omelins Handhuck der anorganiachen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 35: Aluminium. Teil 
A, Lieferung 3. 26 x 18 cm.; pp. 451-534. Berlin: Verlag Chemie, 1936. Price: 
10.50 marks (in Germany, 14 marks). 

This section deals solely with the surface treatment of aluminum and aluminum 
alloys, including oxide layers and metallic surfaces. It gives full references to 
literature and patents and contains material of physicochemical interest as well as 
much on the technical side. 

J. R. Partington. 

Reactions of Organic Compounds, By W. J. Hickinbottom. 22.5 x 15 cm.; x and 
449 pp. London: Longmans, Green and Co., 1936. Price: 16/ — . 

For its price and size this book is unique. The author has set out to describe the 
facts of organic chemistry by reference to laboratory practice rather than to classical 
theory, and in consequence the arrangement of the subject matter presents unusual 
features. The most obvious is simplicity of classification . Only eleven chapters are 
taken to describe the reactions of the commoner groupings and radicals in the various 
types of structural situation in which they occur. The consideration of benzene with 
methane, phenols and alcohols with enols, etc., in this w^ay avoids repetition and 
enables the ground to be covered much more neatly than is done in many text-books 
where the conventional order is followed. 

As a typical example the chapter headed ‘^Aldehydes and Ketones^ ^ can be men- 
tioned. Here are first detailed quite fully the various transformations of substances 
of these types without any references to the common subdivisions of organic chem- 
istry, a very widely chosen selection of specific examples is then quoted, drawn from 
aliphatic, aromatic, and heterocyclic systems, the carbohydrates, and the quinones. 
Such a plan emphasizes the essential unity of the chemistry of the carbonyl com- 
pounds, and at the same time the wealth of experimental illustration given affords 
the very necessary indication of the limitations which ^ ^general’’ reactions are apt to 
display in practice. 

As a complement to a standard text-book this work should prove valuable both to 
advanced students and to those who desire a book of reference which is convenient 
to read and up-to-date (the index is good and frequent citations are made to the 
original literature). From the point of view of the student the book is additionally 
attractive because it has a useful appendix dealing with the identification of organic 
substances, and throughout its contents are distributed some thirty five pages of 
tables of physical constants, derivatives etc., quite adequate for the general require- 
ments of qualitative analysis. Full experimental details are included for several 
hundreds of preparations. It thus offers under one cover much of the material of 
three books. 


R. J. W. Le FkvRB. 



ERRATUM 
Volume 40, Number 2 

Page 208. In figure 1 the vertical line through G should be extended down to 
meet the horizontal line joining the batteries. Another cell (total of 4 volts) 
should be in the grid circuit. 




ON THE U-TUBE METHOD OF MEASURING 
ELECTROPHORESIS 

A. L. ROBERTS and J. C. CARRUTHERS 
Department of Physical Chemistry, The University, Liverpool, England 

Received January 16, 1986 

There is a general impression that electrophoretic data obtained by the 
U-tube method are not as reliable as those obtained from the observation 
of individual particles by the aid of the microscope. This impression no 
doubt has its origin in the fact that in the latter method due allowance is 
made, by means of the Smoluchowski theoretical treatment, for the influ- 
ence of the electrosmotic flow of the medium upon the electrophoretic 
velocity of the suspended particles, whilst in the U-tube case no correction 
for electrosmosis is applied. Nevertheless the values obtained by the 
U-tube method are of the anticipated order of magnitude, although it does 
not appear that any measurements have been carried out hitherto to 
demonstrate that the electrophoretic velocity directly observed in the U- 
tube is identical (within the legitimate experimental error) with the veloc- 
ity obtained by the microscopic cell method. In the present paper a few 
measurements are recorded which serve to substantiate the belief that the 
results obtained by the two methods are in fact in satisfactory agreement. 
This finding, whilst satisfactory in itself, nevertheless raises a problem 
which cannot at present be accounted for on theoretical grounds. Briefly 
the point is as follows. 

As is well known, in the microscope cell arrangement, which consists 
essentially of a closed cell entirely filled with the suspension, the direction 
and magnitude of electrophoretic motion of any individual particle de- 
pends upon its position at the moment of observation. In general all the 
suspended particles are sensibly affected by the electrosmotic flow of the 
medium, which moves in one direction near the walls and in the reverse 
direction in the central region of the cell. The consequence is that the 
electrophoretic velocity of a suspended particle near the wall is too small 
or top great depending upon the sign of the electric charge on the particle, 
medium, and wall, respectively, whilst at the center a similar erroneous 
result is obtained but in the opposite sense. There is but one position 
within such a cell at which the observed electrophoretic velocity is effec- 
tively independent of the electrosmotic flow. Ordinarily the suspended 
particles have the same sign as that on the glass wall of the cell, both being 
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opposite to that on the liquid medium. In such a case the suspended par- 
ticles near the wall may actually be carried in a direction opposite to that 
which would be expected from the sign of their electrophoretically effective 
charge. All this behavior is apparently well accounted for by Smoluchow- 
ski’s theoretical treatment. 

In the U-tube method no attempt is made to follow the motion of an 
individual particle. Instead, the rate of ascent or descent of the meniscus 
is measured, the meniscus being the area of separation of the turbid (or 
colored) suspension from the transparent medium which occupies the re- 
maining portion (usually the upper portion) of the two limbs of the U- 
tube. Naturally care is taken to keep the applied potential gradient con- 
stant by having the same electrical conductivity maintained throughout 
the tube proper. 

It would be reasonable to expect that in the U-tube arrangement elec- 
trosmotic flow of the liquid medium would take place just as it does in the 
microscope cell. If this is so one would not expect to find, as one does in 
fact find, a permanent and sharp meniscus or boundary, since the exist- 
ence of such a boundary implies, or seems to imply, that all the particles, 
independent of their distance from the wall of the tube, are travelling in 
the same direction with the same velocity. 

This difficulty was explained, or rather explained away, by the sug- 
gestion that in a U-tube of ordinary dimensions the electrosmotic effect 
though present had not time to bring about any observable disturbance 
during the time usually taken for a set of moving boundary readings 
(about thirty minutes). This, however, seems to be ruled out by the ob- 
servations of Gilford (2), who used a tube of ordinary dimensions and ob- 
served microscopically the movements of individual particles, — the tube 
being entirely filled with the suspension, however. The same behavior 
was observed as in the microscopic cell, i.e., the direction and magnitude 
of the velocity of individual particles was a function of their distance from 
the wall, this effect being naturally attributed to electrosmotic streaming 
of the medium, and furthermore such disturbances set in as soon as the 
external field was applied. Again, from an expression given by Lamb 
(3) it can be calculated that surface disturbances would reach the center of 
a tube of radius of the order 0.5 cm. in approximately six seconds. The 
difliculty of accounting for the existence of a sharp boundary between 
suspension and supernatant liquid remains. 

In the ordinary U-tube arrangement the surface of liquid in each limb 
is free, and consequently electrosmotic movement of the medium would be 
expected to produce a head in one of the limbs. This effect, though not 
ordinarily observable, has in fact been observed by the use of a U-tube 
with constricted end (4). In the microscope method, as well as in Gil- 
ford^s arrangement of a single vertical tube, there is no ^^free'^ surface. 
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The experiment has therefore been tried by the present writers in which a 
closed U-tube completely filled with liquid was employed. Again pre- 
cisely the same result was obtained as with the ordinary open U-tube 
arrangement. Further, as it was just conceivable that the apparent auto- 
matic elimination of the electrosmotic flow might be connected with the 
fact that the suspension occupied the bent portion of the U-tube, measure- 
ments were carried out in which the suspension occupied a position in the 
vertical limbs with medium both above and below. Here four boundaries 
can be observed. Once more the same results were obtained as before. 

We arc not in a position to offer any explanation of the apparent elimina- 
tion of the electrosmotic effect in the U-tube measurements as ordinarily 
carried out. Nevertheless, our measurements, which are briefly recorded 
in tables 1 and 2, justify us in regarding the observed velocities obtained 
by this method as reliable, in that they agree with the results obtained by 
the microscopic cell method. 

ELECTROSMOSIS MEASUREMENTS 

Electrosmotic velocity of water and citrate solutions against quartz and various 

types of glass 

The apparatus was of the moving bubble type. The main electrodes, 
which consisted of two 3.5 N calomel electrodes, were connected by 
bridges (3.5 N potassium chloride in 5 per cent agar-agar gel) with the 
U-tube (1.5 cm. diameter) which contained the plug. On either side of 
the plug wjis a platinized platinum auxiliary electrode used to determine, 
and to keep coUvStant, the p.d. across the plug. The indicator capillary 
connected the two limbs of the U-tube, the whole apparatus being com- 
pletely filled with solution. The quartz of the plug was crushed in an 
iron mortar and, after obtaining particles which passed an 88-mesh sieve 
but were retained by a 100-mesh sieve, was thoroughly cleaned. 

The mobility under unit potential gradient is given by: 



where = volume of liquid transported in unit time, H = p.d. across 
plug, and k = '^ccll constant'' of plug, i.e., the ratio of the effective length 
to the effective cross section. 

The value of k was determined by filling the U-tube with N/IO potas- 
sium chloride and determining the conductivity across the plug by the 
bridge method. The conductivity measurements were reproducible to 
within 5 per cent on reforming the plug. The electrodes used in the de- 
terminations of k were the auxiliary electrodes of the electrosmosis ex- 
periments. 
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It will be seen that the magnitude of these mobilities is of the same order 
as the electrophoretic mobilities measured. 

ELECTBOPHOBESI8 MEASUBEHENTS 
Initial curvature of the boundary 

A glass XJ-tube of the Burton type, having a bore of 0.6 cm., was set up 
and into this was introduced water, as supernatant liquid, and a 0.4 per 
cent tristearin emulsion. The latter was electrolyte-free in order that the 
electrosmotic effects should be great. The electrodes were a lead anode 
and a lead monoxide cathode, to prevent gas formation. 

TABLE 1 


ElectroBmotic mobility of sodium citrate solutiona against quartz 


CONCENTRATION 
OP SODIUM CXTKATB 

P.D. ACROSS PLUG 

1 

1 

CURRENT 

TIMS FOR BUBBLE 
TO TRAVERSE 

14.7 CM. 

MOBILITY 

millimoUa per liter 

tolls 

mtlliamperea 

seconds 

em.laee.jvoltfem 

0 

204 

0 1 

102 

71 0 X lO-^' 

1 

142.5 

1 1 

232 

44 4 X 10'» 

2 

142.5 

2 1 

277 

38 5 X 10“® 

4 

142 5 

4 5 

306 

35 5 X 10-“* 

10 

112 

6 4 

202* 

23.7 X 10’» 


* Over a distance of 5 cm. 


TABLE 2 

Electrosmotic mobility of water against various types of glass 


GLASS 

MOBILITY 


cm. /sec /volt /cm 

Soda glass 

66.8 X 10“‘ 

Jena glass 

70.0 X 10-“‘ 

Pyrex 

59.5 X 10-» 


A P.D. of 60 volts was applied, the boundaries being observed through a 
telescope. After two minutes, a distinct curvature of the boundaries 
was observable, the rising boundary becoming convex and the falling one 
concave. Thereafter each meniscus retained its shape. It is not improb- 
able that this initial change in the boundary is an electrosmotic effect, es- 
pecially in the light of the result obtained from Lamb’s equation. 

Electrophoresis of gelatin 

Abramson (1) has measured, by the microscopic method, the electro- 
phoretic mobility of silica particles covered with gelatin in acetate buffers. 
The following determination of the mobility, in acetate buffers, of kiesel- 
guhr particles covered by gelatin was made, using the U-tube method. 
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This U-tube was fitted with side-arms carrying the current-bearing elec- 
trodes. The anode was of zinc and the cathode of lead coated with lead 
peroxide, thus eliminating gas formation and the accompanying disturb- 
ances. Small platinum electrodes in the main U-tube were used to de- 
termine the potential gradient. 



Fig. 1. Electrophoretic mobility of gelatin in iV'/150 acetate 
-f, Abramson; O, Roberts and Carruthers 

TABLE 3 


Electrophoretic mobility of gelatin in N/150 sodium acetate 


pH 

MOBILITY 

5 96 

cm.laec ! volt Jem 

6 1 X 10~* towards anode 

5 43 

4 5 X 10“® towards anode 

4 68 

No movement 

4 53 

3 14 X 10"® towards cathode 

4 43 

5 2 X 10"® towards cathode 

4 05 

8 4 X 10”® towards cathode 

3.73 

1 10 5 X 10~® towards cathode 

3 68 

11 1 X 10"® towards cathode 


The gelatin used was Digestive Ferments Co.^s ‘‘Bacto-Gelatin.'^ The 
concentration of the sol was similar to that used by Abramson (0.4 per 
cent). To this sol was added 4 g. of finely divided, purified kieselguhr, 
and the whole well stirred and allowed to stand overnight. 

In the preliminary work an attempt was made to use, as supernatant 
liquid, a buffer of the same ionic concentration as the buffered suspension, 
but containing no gelatin. However, the buffering properties of the gela- 
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tin were sufficiently great to alter the pH appreciably, and to avoid any 
error due to this or to the fact that the rising boundary would be moving 
in a medium of different viscosity to that of the falling boundary, it was 
found convenient to employ as supernatant liquid a gelatin sol, identical in 
concentration and buffered in the same manner as the kieselguhr suspen- 
sion. 

The buffer employed was JV/150 sodium acetate. Over the pH range 
examined the ionic strength of the sol was maintained constant. This 
was effected by making the sol iV/150 with respect to sodium acetate and 
adding increasing amounts of acetic acid. To each 100 cc. of dispersion 2 
g. of sucrose was added to increase the specific gravity. It was observed 
that after adding the electrolyte to the dispersion there was a noticeable 
rate of settling in the U-tube. As the mean of an upward and a down- 
ward movement was taken in each case, the error due to this must be very 
small. 

pH determinations were carried out in every case by means of the hy- 
drogen electrode. 

The results obtained are given in table 3 and plotted with those of 
Abramson in figure 1. 

It must be concluded from the very fair agreement obtained, that in the 
U-tube apparatus corrections for electrosmosis are unnecessary and that 
the values of the mobilities obtained by this method are very close to the 
absolute values. 


SUMMARY 

It is shown that measurements carried out by the U-tube method, 
without any correction for the electrosmotic flow of the medium, agree 
satisfactorily with those obtained by the microscopic cell method where 
such correction is necessarily introduced. 

No attempt is made at present, however, to solve the theoretical diffi- 
culty inherent in this finding. 
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Paranjpe and Joshi have suggested that the properties of liquid sodium 
amalgams may be most readily accounted for by assuming that the solution 
is colloidal. They (8) enumerate a large number of phenomena which 
may be easily explained on the colloidal hypothesis. The case for the idea 
that dilute amalgams are true solutions has been stated by one of us (1) 
and further comments in favor of the colloidal point of view presented by 
Joshi (3). 

Two questions arise from this discussion which can be treated to some 
extent independently. The first is the question of the number of variables 
required to define a sodium amalgam. If Paranjpe and Joshi are correct 
in their assumption that temperature, pressure, and concentration are not 
sufficient to define completely the properties of an amalgam but that the 
method of preparation and the previous history are also important, then 
practically all physical measurements on sodium amalgams are of little 
value, as attention has usually not been directed to these last conditions. 
In order to evaluate the enormous amount of data on sodium amalgams 
this question must be answered, and it is a question which can be answered 
by relatively simple experiments. 

The second question has to do with the structure of a liquid sodium 
amalgam. If the answer to the first question should turn out to be that 
properties depend not only on temperature, pressure, and composition but 
also on the physical history of the amalgam, then the presumption would 
be that the structure is colloidal. If, on the other hand, the answer 
should turn out to be that the properties of amalgams are completely de- 
termined by the temperature, pressure, and composition, then the strong- 
est evidence for the colloidal point of view’ will have been removed. 

Paranjpe and Joshi report results of two types of experiments whi(*h 
indicate that the properties of amalgams change with time. They de- 
scribe briefly the results of Barave on the change of viscosity with time. 
This work was later reported in a note (7). Barave finds that the viscos- 
ity decreases from 10 to 20 per cent if amalgams are kept for two or three 
days without agitation. It is also reported that a scum or “cream^^ forms 
on the amalgam which disappears on shaking, only to re-form on standing. 
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The viscosity is restored to its original high value by shaking. These 
results are sufficiently striking to warrant serious consideration of the 
colloidal hypothesis. Since previous workers in this field have reported 
no scum formation when the apparatus was free from oxygen and water 
(1, 5, 6), it seemed worth while to attempt to repeat the experiments of 
Barave under a variety of conditions in order to determine whether or not 
the change in viscosity with time and the formation of a sciun is a general 
property of sodium amalgams. 

EXPERIMENTAL 

In order to avoid contamination of the amalgam all experiments were 
carried out in glass apparatus free from stopcocks or rubber connections. 
The glass was heated and evacuated with a mercury diffusion pump at the 
beginning of each experiment, until the pressure was about 10~‘ mm. as 
measured by a McLeod gauge. Amalgams were prepared by the method 
used by Paranjpe and Josbi, namely, the electrolytic procedure described 
by Richards (9) and by the distillation method of Lewis and Kraus (6). 
The mercury was purified by repeated washing with nitric acid in an ap- 
paratus of the type described by Hildebrand (2), and the sodium carbonate 
used in the electrolysis was recrystallized. The amalgam prepared by 
electrolysis was introduced directly into the viscometer and the latter then 
sealed off, eliminating stopcocks. 

The data reported by Paranjpe and Joshi give no idea of the dimensions 
of the capillary or the time of flow. We, therefore, constructed a number 
of viscometers of such dimensions as to have always a velocity of flow well 
below that which would give turbulence. Since Barave’s experiments 
indicate that the viscosity is restored to its original value by shaking, it 
seemed possible that flow through the capillary would have the same effect 
to some extent and therefore that a small head of amalgam would be de- 
sirable if one were to repeat his experiments. Several viscometers were, 
therefore, constructed with the two bulbs of the viscometer as close to- 
gether as possible while still having one bulb directly over the other. A 
capillary 12-19 cm. long with a bore ranging from 0.03-0.05 mm. extended 
well below the lower bulb and was connected to it by a vertical tube of 
6-mm. diameter. This type of viscometer, however, was not free from an 
objection. At the end of a determination the apparatus was inverted 
and the amalgam allowed to flow back into the original bulb where it re- 
mained without agitation until the beginning of another run. At the 
beginning of a run the instrument had to be turned into a vertical position. 
This agitation might be equivalent to the vigorous shaking after which 
Barave foimd the viscosity returned to the high value. We therefore con- 
structed the apparatus shown in figure 1 which permitted the amalgam to 
be held for any desired length of time in the upper bulb and then, without 
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agitation of the amalgam which was to flow through the capillary, the 
viscometer could be started by simply raising the glass plunger from the 
lower part of the viscometer. This avoided any possible objection on the 
ground that the amalgam was unnecessarily agitated before beginning a 
determination. The plunger was raised by means of a glass float in the 



Fig. 1. Vacuum viscometer. A, nickel wire; B, float; C, mercury; D, plunger; 
E, amalgam, 10 cc. Vertical dimensions have been multiplied by 1/8 and horizontal 
dimensions by 1/4. 

upper part of the apparatus, which was in turn raised by admitting mer- 
cury to the upper chamber, a nickel wire connecting this float with the 
glass plunger. At the conclusion of a run the mercury was removed from 
the upper chamber by evacuation of the bulb and the amalgam returned 
to the upper bulb of the viscometer. All measurements were carried out 
in a glass thermostat at 26 ±0.01®C. 
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EXPERIMENTAL RESULTS 

Our results may be summarized veiy briefly. We have found no indi- 
cation of any variation of the viscosity of sodium amalgams with time, and 
not the slightest trace of scum formation on standing. When working 
with the most concentrated amalgams we did observe large crystals float- 
ing on the surface of the amalgam, but these had no effect on the viscosity 
unless small crystals were present in such large amounts as clearly to plug 
the capillary. The amalgam would then drain away from them and leave 
a mass of crystals in the capillary. We expected to find the best evidence 

TABLE 1 


ViacoBiiies of dilute sodium amalgams 


METHOD OF PREPARATION 

MOLE FRAC- 
TION OF 
SODIUM 

TIME SINCE 
PREPARA- 
TION 

TIME AT REST 
BETWEEN 
RUNS 

TIME OP 
FLOW 

VISCOSITY 

RELATIVE 

TO MERCURY 



hours 

hours 

seconds 


Electrolytic 

0 0289 

2 5 

1 25 

254 

1 134 



3 

<0 2 

253 




12 5 

9.5 

254 




12.75 

<0.1 

254 




37 

23 5 

254 




37 25 

<0 2 

253.5 


Distillation 

0.0513 

1 5 

1 

296 

1 439 

i 


2 

<0.2 

294 5 




97.5 

95 5 

295 5 




169 5 

72 

295 5 




171 

<0 2 

295 


Mercury added to the 


173.5 

1 

296 5 


above amalgam, shaken 


176 5 

3 

296 2 


and stirred 


294 

117 

296 5 


Same amalgam, shaken and 


294 5 

<0.1 

296 2 


stirred 


390 

95 5 

296 5 




1449 

1059 

300 

(See text) 


of a change in viscosity with time when the amalgams were nearly satu- 
rated, but the data recorded in table 1 give no evidence of such an effect. 

In addition to the data reported in table 1, similar results were obtained 
on seven amalgams using the simple type of apparatus first described 
above. The time between runs varied from twenty minutes to sixty-five 
days. 

The last datum recorded in table 1 was obtained by adjusting the amal- 
gam level so that the upper surface was at the point in the capillary at 
which the initial time was usually taken. The plunger was then raised 



VISCOSITY OF SODIUM AMALGAMS 


713 


as rapidly as possible and the time determined as usual. Obviously a 
little time was lost in raising the plunger and in establishing a constant 
rate of flow of the amalgam. The purpose of this experiment was to re- 
duce all stirring to an absolute minimum before starting a measurement. 
As will be observed, there is no indication of a decrease in viscosity. 

We have observed some of these viscometers for more than two years 
and can report that the surface is as clear and clean to-day as the day they 
were prepared and as clean as any surface of pure mercury as far as one 
can detect by observation. 

DISCUSSION OF RESULTS 

Our experimental results are in eomi3lete disagreement with those re- 
ported by Paranjpe and Joshi. From our experiments one would conclude 
that the properties of sodium amalgam arc uniquely determined by the 
temperature, pressure, and comment ration. In favor of Barave^s experi- 
ments, however, it must be point(‘d out that he observed certain repro- 
ducible ph(*nomena which we have not found, and hence our results may be 
disposed of by saying that negative results do not disprove one good set 
of positive experiments. It must be emphasized, however, that the varia- 
tion in viscosity o))served l^y Barave was very large, and that with many 
kinds of ai)paratus and different methods of preparing amalgams we were 
unable to find this effect. Our results indicate that it would not be profit- 
able for us to search further to reproduce the results of Barave. It is to be 
hoj)ed that the experiments of Barave will be repeated and, if his results 
be confirmed, that sufficiently explicit directions be given to permit repe- 
tition of the experiments in other laboratories. 

With regard to the question of whether sodium amalgam is colloidal or 
not, it would seem rather unprofitable to consider this question further 
until the experimental facts are clearly establishf'd. We have corre- 
sponded with Joshi regarding this problem, and I think we agreed that the 
viscosity behavior and scum formation were among the strongest argu- 
ments in favor of the colloid h5q3othesis. 

It has been reported by Kohler (4) that silver and copper amalgams form 
amalgams which change in viscosity with the time. These experiments, 
however, have no bearing on the properti(\s of liquid amalgams, as the 
amalgams used by Kohler contained much more than enough copper or 
silver to produce a saturated amalgam. The solubility of copper is gi\'en 
by Richards (10) as 0.0024 per cent at 15°C. and the solubility of silver is 
given by Tamman and Stassfurth (11) as 0.08 per cent at 20°(1 The 
amalgams investigated by Kohler ranged in concentration from 0.3 to 1.0 
per cent and therefore must have contained a great deal of the solid phase. 

In order to find if possible a variation in the viscosity of liquid silver 
amalgams with time we prepared four amalgams by a variety of methods. 
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In no case did we obtain a variation on standing of as much as 0.25 per 
cent, which was our experimental accuracy in measuring the time. Only 
when the amalgams had not been carefully filtered did we observe a de- 
crease of the viscosity with time. 

CONCLUSIONS 

1. The viscosity of liquid sodium and silver amalgams is found to be 
independent of time. 

2. No scum forms on sodium amalgams when kept in glass containers 
which have been properly baked and evacuated. 

3. These experiments lessen the probability that sodium amalgams are 
colloidal. 
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As the particle size of a suspension of an insulating material is decreased, 
the surface conductance at the particle-water interphases plays an in- 
creasingly important r61e in determining the electric conductance of the 
suspension, and with particles a fraction of a micron in diameter, suspen- 
sions can readily be prepared in which the suspended particles add more to 
the conductance than the same volume of the suspending fluid. We have, 
for example, prepared suspensions of kaolin with a particle size of about 
0.25 micron in diameter, whose conductance was more than twice that of 
the fluid obtained after removal of the suspended material by cen- 
trifugation. 

The use of suspensions presents many advantages in the measurement of 
surface conductance. It is important for the theoretical discussion that 
we can determine the electrokinetic potential at the interphase directly 
on the suspension used for the conductance measurements by a determina- 
tion of the cataphoretic velocity of the suspended particles. So far, sus- 
pensions of particles down to 0.25 micron in diameter have been studied. 
Measurements on still finer suspensions would be interesting, since here 
the thickness of the diffuse double layer should become apparent in the 
results. We need, however, a more powerful centrifuge to be able to sepa- 
rate these particles from the suspending fluid. In the following, a prelimi- 
nary study of the method is presented. 

Largely because the subject of surface conductance had its origin in 
Smoluchowski’s (9) theoretical treatment of the diffuse double layer, it 
has been tacitly assumed in experimental studies of the subject that the 
aqueous interphase can with sufficient accuracy be represented as a pure 
conductance. Actually, this is not always the case. Each element of 
interphase is also the seat of a reactance (4), so the interphase should be 
represented by a complex admittance^ which, per square centimeter of 
interphase, may be expressed as -h jCgO), where <r, may be termed the 

1 The admittance is the reciprocal of the impedance. 
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surface conductivity and C, the surface capacity. « = 27r n, where n is 
the frequency. Since is not necessarily negligible compared to c, an 
error may be introduced by deriving cr, from pure conductance measure- 
ments, but these should be replaced by measurements of complex ad- 
mittance; that is, both the conductance and the dielectric constant of the 
systems under investigation should be determined. This has been the 
method used, although since the influence of C, has been negligible in our 
measurements only the conductances need be considered. A general 
study of complex surface admittance will be presented elsewhere. The 
remark may be added that since C, varies with the frequency, (t, will con- 
tain (3) a term dependent upon the same mechanism which produces 
C„ and therefore in such cases where the influence of C, is appreciable not 
only is it impossible to measure <r, without considering C,, but also the 
theoretical discussion of the former must involve the latter. 

Most of the present measurements were made on suspensions of glass 
spherules prepared from powdered Pyrex glass which was blown through 
a blow torch (2). The material was obtained through the courtesy of Dr. 
L. D. Bishop of the Bureau of Standards. The glass was washed, over an 
extended period, in distilled water and thereafter equilibrated with the 
solutions to be used. Two series of experiments have been made, one 
with solutions of potassium chloride of strength varying from 0.0001 to 
0.01 mole per 1000 cc., another less complete with solutions of hydro- 
chloric acid. 

The conductance and dielectric constant were measured at frequencies 
between 1/2 and 100 k.c. with a bridge, using a substitution method. The 
electrolytic cell containing the suspension is compared with a cell filled 
with a solution of potassium chloride, the difference in dielectric constant 
being compensated for by a parallel condenser, while equality of resistance 
can be obtained by varying the distance between the electrodes in the com- 
parison cell. The resistance of the potassium chloride is measured by 
comparison with a low inductance resistance box, this measurement being 
made at low frequency. The influence of electrode polarization, though 
negligible in the present measurements, could be eliminated by measuring 
at different electrode distances. 

The electrol 3 rtic cell containing the suspension has the form of a test 
tube, with the electrodes sealed into its upper portion. After the measure- 
ment on the suspension has been made, the cell is placed in the centrifuge 
and the suspended matter separated. The liquid between the electrodes 
now is the suspending fluid, and thus without removing the suspension 
from the conductivity cell the conductance of the suspending fluid can be 
measured. This procedure is convenient when working with dilute solu- 
tions for which contact with the carbon dioxide of the air must be pre- 
vented. The measurements were made at a temperature of 21.4'^C. 
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The value of the surface conductance is calculated by making use of a 
formula derived by Maxwell (6). This formula gives the conductance 
(K) of a suspension of spherical particles each of which is composed of a 
sphere (radius a and specific conductance Ki) surrounded by a concentric 
spherical shell (thickness t and specific conductance Ks). The formula 
reads: 



K 


+ 2 




- 1 


^* + 2 


( 1 ) 


with 


K = K ( 2^8 + K,)(a + ty - 2(Ks - K,)a^ 
* ’ (2K, + K,)(a + 0 ’ + (K, - 


( 2 ) 


and whore 7vi is the specific conductance of the suspending fluid and p 
is the volume concentration of the suspension. ^ For the present case, we 
use K 2 = 0 and, assuming the thickness t of the region from which the 
surface conductance is derived as small compared to the diameter of the 
suspended particles, we can take 

(a + ty = a® + 

and consequently 


^2 = 


2tKz 

a 


(3) 


Defining the surface conductivity aa by cr, = tK^ we obtain from equations 
1 and 3 


CTg = 


(tiMiii) 


Ki-a 


(4) 


For the determination of the volume concentration p, two methods 
have been used. One depends on measurements of the specific density of 
the suspension (5) and of the suspending fluid (5o), the value of the volume 
concentration being calculated from 

p5i -|- (1 — p)do = 8 

where 6i is the specific density of the glass spherules, measured with a 
pycnometer. 

* The same formula is used for calculating the complex surface admittance, 
replacing conductances in the formula by the corresponding complex admittances. 
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The second method for determining p is indirect but more convenient. 
It consists in adding solid potassium chloride to the suspension, enough 
so that the influence of the surface conductance on the conductance of the 
suspension is inappreciable, and thereafter the conductances of the suspen- 
sion (K) and suspending fluid are measured and the volume concen- 
tration Pi of this suspension calculated by Maxwell’s formula (equation 1 
with Ri — 0): 


1 - 


K 

Ki 


^ + 2 


Pl 

2 


The volume concentration p of the original suspension is thereafter ob- 
tained by introducing a slight correction for the volume change due to the 
addition of the salt. 

In table 1 is shown a comparison of the two methods. 

The diameter of the spherules was determined by counting the number 
of spherules present in a known volume of a suspension of known volume 
concentration. The counting was carried out with a ruled chamber such 
as is used for counting blood cells or bacteria. The value obtained for the 
diameter was 2a = 1.7p. 

The results are given in table 2. The surface conductances are prac- 
tically independent of the frequency between 1/2 and 100 showing, 
however, a slight decrease as the frequency is decreased (4). In the case 
of the dilute solutions, when the suspended glass is added to the solution 
of the electrolyte with which it is being equilibrated, one observes a rise in 
conductance, rapid at first and gradually slowing down. This happens 
even after prolonged washing of the glass with the electrolyte and is prob- 
ably due to the solution of the glass. For this reason, when the measure- 
ments were made there was an appreciable quantity of foreign electrolytes 
(besides the hydrogen and hydroxide ions) present, amounting in the most 
dilute solutions to about 10 per cent in equivalent conductance. The 
concentrations of potassium chloride and hydrochloric acid given in the 
second column of table 2 are those required to account for the actually 
observed conductances of the suspending fluid. 

The following measurements were made to determine whether the values 
obtained for the surface conductance show any dependence on the size of 
the suspended particles. These measurements were made on kaolin 
spherules, obtained through the courtesy of Dr. F. S. Brackett of Re- 
search Associates Incorporated. Two different particle sizes were used, 
with diameters of 2a = O.fi/i and 2a «= 3.4^, respectively, and the suspen- 

’ At higher frequencies ctb shows a marked increase (5). 
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sions were made up in a solution of sodium carbonate. The results are 
shown in table 3. A somewhat smaller value for or* is obtained for the 

TABLE 1 


Comparison of percentage volume concentrations, determined by (1) specific density and 

{2) electrical conductance 


SUSPENDED MATEBIAL 

VOLUME CONr 
PER CEI 

Specific density 

ENTRATION IN 

IT FROM 

Conductivity 

Pyrex spheres i 

34 2 

34 2 

Pyrex spheres 

28 4 

28 7 



28 0 

Kaolin spheres. . 

10 2 

10 2 


' 9 9 

10 2 


TABLE 2 


Measurefnents on suspensions of glass spherules {diameter 2a = Uu) solutions of 
potassium chloride and hydrochloric acid 


1 

SUSPENDING FLUID 

concentration IN 
MICROMOLES PER 
1000 

VOLUME CONCEN- 
TRATION PER 
CENT p 

CONDUCTIVITY (OHMS~l CM "*) 

ELECTROPHORETIC 
POTENTIAL (IN 
MV ) f 

SURFACE CONDUCTIVITY (OHMS’*!) 

Suspension K 

Suspending fluid 

A'l j 

Observed 

Calculated 

KCl 

169 

33 0 

18 42 X 10 -• 

23.14 X 10-« 

-74 

0 45 X 10-» 

0 21 X 10-» 

KCl 

470 

21.9 

50.35 X 10-« 

64.10 X 10-' 

-74 

0 58 X 10-» 

0 35 X 10“» 

KCl 

930 

27 7 

86 7 X 10-« 

126.8 X 10-® 

-78 

0 58 X 10“» 

0 54 X 10-» 

KCl 

1900 

26 5 

172.2 X 10-» 

251.6 X 10~» 

-73 

O 

X 

C 

[ 

0 68 X 10-® 

KCl 

7900 

28.4 

675. X 10-« 

1042 X 10-® 

-70 

1 8 X 10-» 

1 25 X 10“» 

HCl 

90 

25 8 

27.80 X 10-« 

35 95 X 10“« 

! -42 

t 

o 

X 

o 

0 21 X 10-» 


TABLE 3 


Measurements on suspensions of kaolin spherules in sodium carbonate 


DIAMETER OF 

VOLUME CONCEN- 
TRATION PER 
CENT 

P 

CONDUCTIVITY (OHMS~! CM.**!) 

SURFACE CONDUCTIVITY 

SPHERULE 
(10~* CM ) 

Suspension K 

Suspending fluid 

K\ 

(OHMS“!) 

a, (obsd.) 

0 6 

12.65 

46.3 X 10-‘ 

51 0 X 10-® 

0 30 X 10-* 

3 4 

37.0 

29.7 X 10-* 

51 0 X 10~» 

0 40 X 10-® 


smaller sized spherules, but the difference is not outside the present limit 
of experimental error. 
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For the experiments with glass spherules, the measured surface conduct- 
ances were compared with the theoretical values derived on the assump- 
tion that the surface conductance represents the conductance of the ions 
of the diffuse double layer. Including the electrosmotic term, the sur- 
face conductance for an electrolyte completely dissociated into two mono- 
valent ions, is given (1, 8) by: 


a. 


ly'KKn'Wn r 

2\/2 L 


+ 



jlL 


- (Wi + W2) 


where K is Boltzmann’s constant, T the absolute temperature, e the elec- 
tronic charge, f the electrokinetic potential, and n the number of cations 
or anions per cubic centimeter. For D, the dielectric constant, and for 77, 
the coefficient of viscosity, of the diffuse double layer, we have used the 
values for water (D = 79.9; rj = 0.0098). The quantities Ui and U2 are 
the ionic mobilities of the cations and anions respectively. For these 
values we have used those obtained at infinite dilution. 

The electrokinetic potential, f, has been determined by measuring the 
electrophoretic velocity of the suspended particles by the moving bound- 
ary method. In carrying out this determination the suspension used for 
the conductance measurement was diluted with the suspending fluid, a 
suspension of about 1 per cent volume concentration being most suitable. 
The dilution did not appear to change the electrophoretic velocity, as far 
as could be learned by changing the degree of dilution from several per 
cent to a fraction of 1 per cent. The suspending fluid also formed the 
electrical connection between the suspension and the electrodes of the 
cataphoresis cell. The gravimetric movement of the boundary amounted 
to from 5 to 10 per cent of the electrophoretic velocities and was compen- 
sated for by taking readings with the boundary moving in both directions 
and averaging. Since the conductance of the suspension and suspending 
fluid differ by only 1 or 2 per cent, the electric field can be taken as uniform 
between the electrodes. The value of f is calculated from 

^ iirri 

where v is the electrophoretic velocity per unit field strength. 

The theoretical values of <r, given in table 2 are calculated on the basis 
of the concentrations of electrolytes given in the first and second columns. 
As remarked above, for the dilute solutions, these concentrations represent 
only approximately the composition of the suspending fluid, being actually 
the equivalent values derived from the observed conductances. For the 
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present, however, this method of calculation is of sufficient accuracy. 
It should be pointed out that in the case of the potassium chloride solutions 
the influence of the hydrogen ion is negligible, since these solutions are 
slightly alkaline. The observed values of o-, are of the order of 50 per 
cent higher than the theoretical ones, a deviation in the same direction, 
although smaller, as found in other recent experimental studies of this 
subject (7, 10). 

The present measurements should be considered as preliminary, and 
there will be some question as to how great the errors are until a more 
complete study has been made. It should also be recognized that the 
present theory for the conductance of the diffuse double layer contains a 
certain amount of simplification and approximation. This leaves con- 
siderable uncertainly as to the exact extent to wdiich the observed surface 
conductance exceeds that contributed by the diffuse double layer, although 
the reality of an excess must be allowed. As has already been noted, there 
is a slight decrease of the surface conductance with decreasing frequency 
and the exc(\ss conductance w^ould therefore be smaller (and might dis- 
appear) at zero frequency. The most likely explanation of an excess con- 
ductance would be that it is due to the participation of the solid surface 
in the transi)ort of the current. The presence of the surface capacity (4) 
itself shows that there is a transport of current at the interphase besides 
that considered in the present theory of the diffuse double layer. The 
fact that the surface capacity varies with the frequency requires this sur- 
face capacity to be associated with a conductance, the value of wiiich can 
in certain cases be calculated theoretically when the surface capacity is 
known as a function of the frequency (3). We find that the observed 
change of the surface conductance with frequency can be completely ac- 
counted for in this w'ay, w’hile it still remains to be seen if all the excess 
conductance can be thus explained. The detailed discussion of this prob- 
lem will be dealt with elsewiiere in a general study of surface admittance. 

SUMMARY 

A method is described for determining surface conductance from ob- 
servations on suspensions of spherical particles. Suspensions of glass and 
kaolin of diameters from 0.6 to 3.4/x in solutions of potassium chloride, 
hydrochloric acid and sodium carbonate have been studied at frequencies 
from 1/2 to 100 k.c. and the experimental surface conductances compared 
with the values calculated from a consideration of the diffuse double layer. 
The observed surface conductance can be accounted for on this basis only 
in part, the difference increasing as the frequency is increased (4). The 
existence of an additional type of current transport besides that offered 
by the diffuse double layer is also shown by the presence of surface capaci- 
tance (4), indicating a current transport (probably at the solid surface) 
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which is associated with polarization. There is a theoretical connection 
between the surface conductance and the surface capacitance (3) by which 
one can account for the frequency variation of the surface conductance. 
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It was show'll by W. H. Bragg (3) in 1922 that the x-ray diffraction data 
obtained from ice by Dennison (4) were in agreement with a structure in 
which each oxygen is equidistant from four others tctrahedrally arranged 
around it.' This distribution of oxygens has since been verified by fur- 
ther work (1). Bragg proposed that, in agreement with the theory of 
^‘hydrogen bridges” (or ^^hydrogen bonds”) proposed independently by 
the writer (5) and by Latimer and Rodebush (9), there is a hydrogen mid- 
way betw^een each pair of adjacent oxygen atoms. Although the hydro- 
gens do not contribute appreciably to the x-ray scattering, this seemed to 
be the most reasonable distribution, considering the symmetry of the ar- 
rangement of oxygens and the probable forces betw^een the atoms. 

That neighboring atoms in liquid w’ater must be held together in very 
nearly the same way as in ice is indicated by the slight change of density, 
dielectric constant (2, 11), and various other properties on melting, by the 
low heat of fusion compared with the heat of vaporization, and by x-ray 
data obtained in this laboratory (8) and elsewhere (2) showing that on the 
average each oxygen in liquid water has about four neighboring oxygens 
at a distance only slightly greater than the 0~0 distance in the solid. 

One is thus led to postulate hydrogen bridges throughout the liquid; 
many of these, however, being bent or stretched and some broken, at any 
instant, as a result of the heat motions. The bending of many of these 
bridges when ice melts permits a slightly closer packing, hence a greater 
density. As the temperature rises, more and more of the bridges are 
broken and stretched, the average interoxygen distance becomes larger, 
and the density decreases. 

In several respects this picture has not been entirely satisfactory. The 
low conductivity of pure water compared with water containing hydrogen 
ions (and also negative ions, of course) seems quite inexplicable. More- 
over the high dielectric constant in both the liquid and solid, down to tem- 
peratures considerably below zero (for low frequencies), seemed to be 
evidence for the existence of molecular units, some of which are quite free 
to orient themselves in an electrostatic field. 

^ A tetrahedral arrangement of four oxygens around each oxygen was predicted 
by the writer on the basis of the theory of hydrogen bridges. 
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Largely because of these two arguments the writer^ suggested that the 
hydrogen of each hydrogen bridge in solid and liquid H 2 O may be closer 
to one oxygen neighbor than to the other, in such a way that each oxygen 
keeps but two close hydrogen neighbors, all oxygens in ice and most of 
them in water also having two other hydrogen neighbors at a somewhat 
greater distance. As Pauling (10) has recently shown, this picture makes 
possible a calculation of the entropy of ice more nearly in agreement with 
experiment than that calculated on the assumption of rotating molecules. 
The additional assumption that the potential energy hump in the center 
of each hydrogen bridge in the structure is small is sufficient to account 
for both the conductivity and dielectric constant behavior, as will now be 
shown. 

Although the shifting of a single hydrogen in a hydrogen bridge in 
ice or water from the vicinity of one oxygen to the vicinity of the other 
might be quite difficult, owing to the size of the energy hump, such a 
shift is much facilitated if at the same time another hydrogen nucleus 
approaches the first oxygen (thereby making its effective charge less nega- 
tive) and a hydrogen previously close to the second oxygen moves away 
from it (making its effective charge more negative). Jumps in unison 
of all of the hydrogens in a ring, in such a way that after the jumps, as 
before, each oxygen has but two close hydrogen neighbors, may therefore 
occur quite frequently, just as a result of the ordinary heat energy. 
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The presence of an external electrostatic field favors such jumping in all 
cases in which the resultant electric moment in the direction of the field 
is increased, hindering those jumps decreasing the electric moment in 
that direction. (For a 6-bridge ring the resultant moment change is 

* In a preliminary edition of bis book on "Chemistry, the Science of Atoms and 
their Interactions,” in 1933. Essentially the same picture, as regards each atom’s 
immediate neighbors, has been proposed by Bernal and Fowler (2). 
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slight; this is not so, however, for many larger, l(\ss symmetrical rings.) 
Qualitatively the effect is much the same as if the substance contained a 
small percentage of rotatable molecular dipoles, and the large dielectric 
constant in both solid and liquid is accounted for (cf. reference 2). 

At temperatures which are too low, the temperature energy is insuffi- 
cient to make even these synchronized shifts possible, and the dielectric 
constant decreases to a very small value. The shifts in a ring do not oc- 
cur instantaneously as soon as the field is applied, as the vibrations of the 
atoms must be suitably timed and must have sufficient energy. Because 
of this time lag the dielectric constant values are less for high frequencies 
than for low frequencies, at any given temperature. When the tempera- 
ture energy available is sufficiently large, the synchronized jumps of the 
hydrogens in a ring become synchronized oscillations about their mean 
positions. The effect of the field on this portion of the structure then be- 
comes practically negligible. This accounts for the diminution of dielec- 
tric constant as the temperature rises, at temperatures slightly below zero, 
for low frequencies. 

Each hydrogen nucleus in pure water may be considered, roughly, as 
bridging between an ()H~ ion and an H 2 O molecule. The bridge is ob- 
viously unsymmetrical, the hydrogen in question being held close to the 
OH~ (so producing an H 2 () molecule) : 


H H 
I 1 

0~H 0-H 


A jump of this hydrogen nucleus to the other end of the bridge, giving OH“ 
and HaO'^, practically never takes place (cf . figure 2) ; hence the extremely 
low conductivity of pure water. 

If an acid is dissolved in water the hydrogen nuclei produced by disso- 
ciation undoubtedly also serve to bridge between oxygens, each such nu- 
cleus connecting two H 2 O molecules. With less repulsion between the 
oxygens one would expect a shorter 0-0 distance than in the case just 
considered. The hydrogen would be expected to oscillate symmetTically 
about the midpoint. We may represent this situation thus : 

( ” " y 
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There is no a priori reason for eliminating the possibility of H70»+ and 
larger ions, containing two or more practically ssnnmetrical bridges: 

/ill 

/ H H H 
I H-0-H-(')-H-(^H 

The larger such ions however, the less the stability of the symmetrical 
bridges; it seems likely that H60s+ is the usual limit. 

The effective charge on each of the HsOs^ oxygens is less negative than 
that on an HjO oxygen. In view of this fact, we should expect such 
shifts as the following to occur readily: 

fi H H H H H 

H-O-H-O-H 6-ii H-0 H-O-H-O-H (1) 


In this process the charge shifts with but little actual motion of the atoms. 
In a potential gradient between two electrodes, shifts of this sort which 
move the positive charge toward the negative electrode are favored in 
preference to shifts in the opposite direction. As these shifts would be very 
rapid this theory accounts for the high mobility of hydrogen ion in water. 
(The chain mechanism postulated here differs but little from that proposed 
by the writer (6) in 1931. With the symmetrical bridges assumed at that 
time however, there was no obvious reason for the low conductivity of 
pure water, as noted above.) 

In an OH~ ion the effective charge on the oxygen atom is more negative 
than on the oxygen atom in a water molecule, hence the 0~H distance in 
this ion is less than in water. In water solution such an ion, unlike H"*", 
would probably not form aggregates such as (H — 0 — H — O — H)~ because 
the larger Coulomb repulsion between the oxygens and larger Coulomb at- 
traction between the central hydrogen and each oxygen would tend to 
make the central hydrogen bridge an unsymmetrical one. The oxygen 
atom in an OH~ ion would be expected to tend to surround itself with 
four uns 3 nnmetrical hydrogen bridges, like that in a water molecule or 
ion. Shifts such as 

h-6-h 6-h h-6 h~6-h (2) 

I i II 

would be expected to occur, although not so readily, on account of the 
greater 0-0 repulsion, as shifts of the type of equation 1. It is thus 
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reasonable that the mobility of the hydroxide ion is greater than that of 
other ions which cannot exchange atoms with the solvent in this way, and 
still is less than that of hydrogen ion. 

In attempting to make the treatment of hydrogen bridges in ice and 
water more quantitative, we shall first consider a hypothetical bridge in 
which the energy of interaction between neighboring hydrogen and oxygen 
atoms is the same as in the OH molecule in its normal state. (Many of 
the calculations have also been carried out using the constants for a higher 
energy state, with results only slightly different from those to be described.) 
For this interaction we assume a modified Morse function, of the type 
recently applied successfully by the writer (7) to the calculation of molec- 
ular constants for diatomic molecules. This is of the form 

U (in 10“^^ ergs) = (3) 

in which a, o', rn and C' are constants determined from band spectrum 
data. In this case a = 6.0, o' = 1.29, rn = 1.125 (assumed to be the 
same as calculated for the ^2*^ state) and C' = 11.83. The equilibrium 
distance r* is 0.969. For the method of calculating the other constants 
from o, ri 2 , and the vibration frequency coi, the wTiter's first paper (7) 
on diatomic molecules may be consulted. 

Taking the oxygen to oxygen distance as 2.75 A.U. (its value in ice), 
the potential energy, for a hydrogen moving along the 0~0 centerline, 
changes as shown in the top curve of figure 1. It is seen that there are 
tw’o minima, about 1.10 A.U. from the oxygens, wdth an energy hump be- 
tween them of about 0.15 X 10~^® erg. It may be noted that J kT, the 
average molecular energy per degree of freedom, is only about 0.02 X 
10“^^ erg at room temperature. If the 0-0 distance is taken as 2.70 
A.U., the experimental value for hydrogen bridges in HsBOa, AIHO 2 and 
some other compounds, the size of the central hump is very much dimin- 
ished and the shorter 0-H distance is increased to 1.13 A.U. For a dis- 
tance between oxygens of 2.55 A.U., such as observed in NaHCOs and 
KH 2 PO 4 , there is but one minimum, at the center. 

From these results one must conclude that, if our assumption regarding 
the variation of the 0~H interaction energy with distance is even approxi- 
mately correct, the hydrogen bridges in ice and liquid water cannot be 
symmetrical, with the hydrogens oscillating about points midw^ay between 
the oxygens. Each hydrogen must remain considerably closer to one 
oxygen neighbor than to the other. 

It is obvious that the energy is lowest — the stability greatest — ^if each 
oxygen in ice or liquid water has two close hydrogen neighbors. The 
effective charge on the oxygen of an HjO"^ ion is less negative and that on 
the oxygen of an OH~ ion is more negative than that on an oxygen of an 
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HjO molecule. The attraction between the oxygen of an H»0+ ion and 
each of its hydrogens is therefore lees than that between an HgO oxygen 
and each of its hydrogens; likewise the attraction between the two atoms 
of an OH“ ion is greater. Calculation shows that a very slight difference 
in effective charge on the two oxygens joined by a hydrogen bridge suffices 
to eliminate the double hump in the potential energy curve, leaving only a 



Fia. 1. Potential energy curves for hydrogen bridges with various fixed oxygen- 
oxygen dbtanoes, assuming the 0-H interactions to vary with distance as in the 
OH molecule. 

single minimum on the side of the oxygen with the more negative effective 
charge. Adding to the O-H interaction energy represented by the upper- 
most curve of figure 1 a term aeVda-oi to take account of a decreased Cou- 
lomb attraction between the hydrogen atom and one of the oxygens, un- 
sjrnunetrical single-minimum curves (see the two lowest curves of figure 2) 
are obtained for all values of a greater than 1/20 (for do-o = 2.75 A.U.). 
If at the same time another term of the same form but opposite sign to 
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represent an increased attraction between the hydrogen and O 2 is included, 
the central hump is eliminated with still smaller values of a. One must 
conclude then that a shift of one hydrogen of an H 2 O molecule to a neigh- 
boring molecule to give HsO^ and OH- ions could not occur. 

If one decreases the effective negative charge equally on both oxygens of 
a hydrogen bridge, the central hump tends to disappear, both because of a 



Fia. 2. Potential energy curves for hydrogen bridges having do-o fixed at 2.75 A.U, 
To the 0-H interaction energy as in the OH molecule a Coulomb term ae^/doi-n 
is added for each of the two lowest curves. For the two others terms of this form 
arc added for both Oi-H and O 2 -H interactions. 

decrease in the 0-0 distance (figure 1) and because of the decreased 
Coulomb attraction between the hydrogen and each oxygen (see the two 
upper curves of figure 2). This funiishes the justification for the assump- 
tion that the hydrogen ion consists of a relatively strong, symmetrical 
bridge joining two H 2 O groups. Reversing the argument, a hydrogen 
bridge connecting two OH- ions would be weaker, longer, and more un- 
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symmetrical than the bridges in pure water (connecting, in effect, OH*" 
ions and H 2 O molecules). 

As will be shown elsewhere, the F~F distance in the FHF bridge can be 
calculated with reasonable accuracy, using constants obtained entirely 
from other sources. To a large extent this distance depends on the inter- 
penetration repulsion between the two fluorine atoms, assumed to be repre- 
sentable by an exponential term, Because of inaccurate knowl- 

edge of the best value of ri 2 to use for the repulsion between two oxygen 
atoms, of the effective charges on the oxygen and hydrogen atoms, and of 
the magnitudes of the van der Waals constants, the corresponding calcula- 
tion for OHO bridges cannot at present be carried out satisfactorily. It is 
instructive however to calculate the value of ri 2 which is necessary to give 
equilibrium for different 0-0 distances, neglecting the van der Waals 
terms (which are small) and the Coulomb terms (which do not change 
rapidly with the distance). Taking a = 4.78 as for neon and fluorine, one 
obtains ri 2 == 2.80 for doo = 2.75 A.U. and doiH = I-IA A.U. For 0-0 
and Oi-H distances of 2.70 A.U. and 1.13 A.U., respectively, Too = 2.78 
A.U. For doo = 2.55 A.U., with the hydrogen in the middle, Too = 2.70 
A.U. It is seen that a small decrease in the '^basic radius^^ (ro = roo/2) 
suffices to change an unsymmetrical bridge (two minima in the potential 
curve) into a symmetrical one (only one minimum, in the middle). This 
‘^radius” is a measure of the extension in space of the outermost electrons 
in the atom in the direction of the other oxygen. Its value depends on the 
tightness with which these electrons are held by the kernel and on what 
is on the other side — on the polarizability of the atom and on the magni- 
tudes and directions of the forces tending to polarize it. 

Increased polarization resulting in a decreased basic radius for the 
oxygen at each end of a hydrogen bridge — and so a decreased 0-0 dis- 
tance — may result from an increase in the number of close hydrogens or 
from their replacement by atoms of a sufficiently electronegative element 
such as carbon or phosphorus. In either case a single minimum potential 
curve is favored. This line of reasoning furnishes an additional argument 
for the structure 



with a strong central bridge, for the hydrogen ion in water solution. It 
also accoxmts for the small 0-0 distances observed in sodium bicarbonate 
and potassium dihydrogen phosphate. 

SUMMARY 

Evidence for the existence of hydrogen bridges in liquid and solid water 
and against their being symmetrical is reviewed. With sufficiently small 
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energy barriers in the center of each OHO bridge, synchronized jumps over 
them of all of the hydrogens in a ring of hydrogen bridges are possible. 
The resulting partial freedom of orientation of the dipoles accounts satis- 
factorily for the dielectric constant data for ice and liquid water. Rea- 
sons are given for considering hydrogen ion in water to be (H 20 H 0 H 2 )'^, 
consisting of a relatively strong, symmetrical hydrogen bridge connecting 
two H 2 O groups. By very slight contemporaneous shifts of two hydrogen 
nuclei, such an ion can, in effect, add OH 2 at one end and lose H 2 O at the 
other, thus shifting the position in the solution of the excess positive charge. 
This picture thus accounts for the high mobility of the hydrogen ion in 
water solution. 

Potential energy curves for OHO bridges are calculated for different 
0-0 distances, taking the 0-H interactions as in the OH molecule. For 
the smaller distances there is a single potential minimum; for the larger 
distances, such as observed in liquid and solid water, it is double. The 
central hump is eliminated if the Coulomb attraction between the hydrogen 
and one or both of the oxygens is slightly greater than in the OH molecule. 

The hydroxide ion is probably OH'^ rather than (HOHOH)~, the greater 
repulsion between the oxygen atoms making a symmetrical bridge less 
likely than in the case of the positive ion. The shift H — O — H .... 0 — H 
to H — O .... H — O— H should occur, but less readily than the cor- 
responding shift in the case of hydrogen ion, hence the mobility should be 
less, as observed. 
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For an electrochemical problem now being investigated in this labora- 
tory, it was necessary to know the diffusion constant of copper sulfate in 
aqueous solution in the presence of varying amounts of sulfuric acid. A 
search of the literature showed that the plaints of other investigators as 
to the meagerness and uncertainty of the diffusion data would have been 
justified in the case of copper sulfate also. We have therefore determined 
the diffusion constant of copper sulfate in aqueous solutions of sulfuric acdd, 
and the results are recorded here. 

The method was that originally developed by Northrop and Anson (4) 
and since that time used extensively by McBain and his associates (3); 
since it has already been discussed adequately in the literature, no lengthy 
description is needed. In brief, it consists in enclosing in a glass cell of 
known volume a solution of the material whose diffusion constant is de- 
sired; the base of the cell is a sintered glass diaphragm whose pores are 
suflSciently small to prevent streaming of the solution as a whole, and at 
the same time are large enough to permit diffusion to take place unhin- 
dered. The cell is suspended with the diaphragm just dipping below the 
surface of an equal volume of pure solvent, and after allowing diffusion to 
proceed for a suitable length of time, the amount of solute that has diffused 
through the diaphragm is determined; from this it is possible to compute 
the diffusion constant, provided the cell has previously been calibrated 
with a substance of known diffusion constant. 

It has been found desirable, after filling the cell with solution, to carry 
out a preliminary diffusion to ensure a more or less linear drop of concen- 
tration in the diaphragm before transferring the cell to the sample of sol- 
vent into which the final diffusion is to take place. Under these conditions, 
it can easily be shown, on the assumption that Fick^s diffusion law is 
obeyed, that to a first approximation 


c' = (1 + 

A 

c" = J (1 - 


( 1 ) 
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where co is the initial concentration inside the cell in equivalents per liter, 
c' and c" are the concentrations of the inner and outer solutions after 
the diffusion has proceeded for t seconds, A and I are the effective cross- 
sectional area and thickness of the diaphragm, and V is the volume of 
both the inner and outer solutions. Hence 

m = log (c' + c'O - log (c' - c") (2) 

where the “cell constant,” is 24/2.3026 IV, and can be determined once 
and for all for the cell by diffusion measurements with a substance of 
known k. 

The use of equations 1 and 2 involves the assumption (in addition to 
that implicit in Pick’s law) that the concentrations of the inner and outer 
solutions are changing so slowly that a steady state is set up in the dia- 
phragm, i.e., that there is a linear drop of concentration throughout the 
diaphragm at all stages of the experiment. Actually, as Barnes (1) has 
shown, this is not necessarily the case, but he finds from a rigorous solution 
of the problem, that to a high order of approximation the only change 
introduced in equations 1 and 2 is that p becomes (24/2.302617) X 
(1 — X/6), where X is the ratio of the volume of the liquid in the diaphragm 
to that in the cell. Since this revised cell constant depends only on the 
geometry of the apparatus and is determined automatically by the cali- 
bration, no error is introduced by this cause in equation 2. 

The assumption of Pick’s law, however, implying that k is independent 
of c, is a more serious matter. If k does depend on the concentration, 
the concentration gradient dc/dx will vary from top to bottom of the diffu- 
sion layer even when a steady state has been attained in the diaphragm. 
However, on the assumption that k = fco (1 — ac), which fortunately 
covers the case of copper sulfate, it is easy to allow for this. At any 
cross section of the diaphragm, the total amount diffusing in a time dl 
is —kA(Pc/bz)dt, which, for a steady state in the diaphragm, is constant 
from the upper surface of the diffusion layer (x = 0) to the lower surface 
(x = 1). Assume an “effective” diffusion constant k', independent of 
c, which will cause the same amount of solute to diffuse for the same total 
drop in concentration across the diaphragm. Then 

_jfc'A = -kA.^.dt . (3) 

I OX 

Simplifying, multiplying through by dx, and integrating between the limits 
X =a 0 and x = I, 

k'ic' - c") = - r k-^-dx = fco [‘ il- ac)dc 
Jo dx Je" 


( 4 ) 
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Hence 


fc' == fco - fcoa(c' + c")/2 

but (c' + c") is constant throughout the experiment. Therefore the 
^‘efTective’^ diffusion constant, fc', computed by equation 2 is the true (dif- 
ferential) diffusion constant for the average of the inside and outside con- 
centrations, or (what is the same thing) for one-half the initial inside con- 
centration. 

The cells used were similar to those employed by McBain, — of Jena 
glass with G4 pore size and of about 100-cc. capacity. Their volumes were 
determined by weighing the cell with liquid just to the top of the dia- 
phragm, and then weighing again when full; the volumes so determined 
could be checked to 0.1 cc. The liquid in the outer compartments (small 
beakers of 125-cc. capacity) was measured by specially calibrated pipets. 
During a measurement, each cell with its attendant beaker was suspended 
in an individual glass air bath immersed in a water thermostat electrically 
controlled to =t0.02°C. The cells and beakers were carried by a bridge 
which had no connection with the thermostat and which was supported on 
sponge rubber blocks to minimize vibration; each cell was hung from a 
wire suspension to ensure that the diaphragm was horizontal, and this 
suspension and the support for the beaker forming the outside compart- 
ment were attached to ebonite rods to avoid any transfer of heat from the 
outside air to the solutions.^ The top of each air bath was closed with a 
slotted fiber disk covered with absorbent cotton, and as an additional 
precaution against evaporation from the outside compartment, a few cubic 
centimeters of a solution roughly isotonic with that in the outer compart- 
ment were placed in the bottom of each air bath. 

The cell constants were determined by calibration at 20®C. with A^/IO 
potassium chloride solution, whose diffusion constant has been found by 
Cohen and Bruins (2) to be 1.448 cm.^ per day = 1.676 X 10~® cm.^ per 
second ; successive calibrations for a cell gave values of /3 differing in general 
by less than one fifth of 1 per cent. 

The acid copper sulfate solutions with which the cells were initially 
filled were made up from recrystallized B.D.H. analytical reagent copper 
sulfate, a stock solution of c.p. sulfuric acid, and boiled conductivity water; 
the sulfuric acid solution which was to be placed in the outer compartment 
was always made up to the same volume concentration of acid as the solu- 
tion to be used in the cell. After a preliminary diffusion to set up a steady 

1 We have found that to obtain consistent results it was necessary to eliminate 
vibration as far as possible, and also to control temperature somewhat more carefully 
than has been suggested by other investigators; a fluctuating temperature produces a 
pumping action of the solution in the cell which tends to break up the diffusion layer 
in the diaphragm. 
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state in the diaphragm (usually with copper sulfate solutions this required 
ten to twelve hours), the cell and beaker (now containing a fresh sample of 

TABLE 1 

Data for run No. 175 

Acid concentration « 3.6 equivalents per liter; T « 18.00°C.; 
t « 125.62 hours =» 4.522 X 10* sec. 


CELL 


c' 

c' 

fcX 10* 

Cell II 

0.0777 

0 5208 

0 1016 

4 89 

Cell III 

0 0826 

0 5162 

0.1072 

4 90 

Cell IV 

0 0549 

0 5496 

0 0763 

4 88 

Cell V 

0 0654 

0 5379 

0.0883 

4.87 


TABLE 2 


Values of ko and of koa 


Equivalent HaS 04 per 
liter 

0 

0 005 

0 10 

0 10 

0 10 

0.5 

1 0 

3.6 

7 6 

T®C 

18 

18 

10 

18 

25 

18 

18 

18 

18 

10*-/bo 

6 28 

6.28 

4 97 

6 28 

7 81 

6 24 

6 01 

5 02 

3 66 

10«-fcoa 

2 56 

2 56 

2 00 

1 60 

2 70 

0.94 

0 82 

0 32 

0 12 



Fia. L The diffusion of copper sulfate in aqueous solutions of sulfuric acid at 18°C. 


the acid solution) were left in the thermostat for from five to eight days; 
at the end of this time, the cell was removed from the beaker, and both 
solutions were analyzed electrolytically for copper. As an example, the 
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data for one such run, selected at random, are summarized in table 1. 
Thus from the table, the diffusion constant of copper sulfate in a solution 
containing in 1 liter 3.6 equivalents of sulfuric acid and 0.31 equivalent of 
copper sulfate is 4.89 X 10”® cm.^ per second. 

The results of a large number of such measurements, all at 18°C., are 
shown in figure 1; each point is the average of four measurements similar 
to those recorded in table 1. It is evident from the graph that for a given 
acid concentration and for the range of copper concentrations used, k is 
a linear function of c to a close approximation. Table 2 gives the values 
of and of /coa for various strengths of acid, and also for various tempera- 
tures for one acid concentration. 

It is evident from the table that for solutions extremely dilute in copper 
sulfate the diffusion constant decreases in a more or less linear manner 
with increasing acid concentration. Since the forces retarding diffusion 
are usually assumed to be proportional to the viscosity, one would expect 
that the product fco >7 for a given temperature would be roughly constant, 
and this is very approximately the case.^ In the more concentrated solu- 
tions, how'ever, increase in acid concentration tends to decrease the de- 
pendence of k on the copper concentration, and at the moment there does 
not seem to be any plausible explanation of this. 

We have also carried out a few experiments to measure any diffusion 
of the sulfuric acid during an experiment. Naturally this will only be 
prominent if the acid concentration is relatively small, and the difficulties 
of analysis (barium sulfate precipitation in the presence of a copper salt) 
are considerable. However, our results show^, as might be expe(;ted, a 
definite diffusion of the acid from the outer solution to the inner, i.e., 
against the copper sulfate; thus in one experiment (co = 1.6312, c' = 
1.3200, c" = 0.3122 equivalent of copper sulfate per liter) with 0.1 
sulfuric acid as solvent, it was found after one hundred and ninety-two 
hours diffusion that the inner solution was 0.014 equivalent of sulfuric acid 
p(T liter stronger than the outer. On the other hand, w ith relatively high 
concentrations of acid (1 N or more), there is evidence of a slight but 
definite diffusion of acid with the copper; this effect is now being inv(‘sti- 
gated in this laboratory. 
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Additional data on the antigens which are used in the complement-fixa- 
tion and precipitation tests for syphilis are essential for comparative pur- 
poses and for determining the relationship between the antigenicity of these 
substances and their physical and chemical characteristics and, ultimately, 
in a comprehensive search for the antigenic substance which is responsible 
for the serological reactions of syphilis. Hence, a quantitative spectro- 
photometric study of cephalin and lecithin from beef brain in different 
stages of purification and of beef-heart antigens prepared in this laboratory 
for routine use in the serological tests for syphilis, and for experimental 
purposes, has been undertaken; the preliminary work is here reported. 

The observations recorded are based on a study of the absorption spectra 
of these materials in the visible and ultra-violet ranges between X 6800 and 
2150 A.U. 

Absorption spectrum curv^es in the visible region were obtained with a 
Hilger-Nutting spectrophotometer with a Pointolite lamp of 150-candle 
power as light source. The wave-length drum of the spectrophotometer 
was calibrated by means of a mercury arc and by helium, nitrogen, and 
hydrogen-discharge-tube spectra. The position of the prism w^as checked 
before making each set of readings by adjusting the position of the yellow 
line of helium, X 5876 A.U. For the determination of the density values in 
the regions where the materials were particularly transparent, a neutral 
filter was used, and the cells containing the absorbing substance and the 
control were interchanged. In all cases at each wave length, density 
values obtained with the spectrophotometer and used in the calculation of 
the extinction coeflScients are based upon at least five determinations. 

The absorption spectrograms for the ultra-violet region were obtained 
with a Hilger E 316 quartz spectrograph used in conjunction with a Hilger 
sector photometer. The wave-length scale of the quartz spectrograph 
was calibrated with mercury-arc, aluminum-spark, helium-tube, and hydro- 

1 Presented at the meeting of the Society of American Bacteriologists, held in 
New York, December 28, 1935. 
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gen-discharge-tube spectra. The light source was a tungsten-steel con- 
densed spark. 

The accuracy of the spectrophotometric technic was tested In the visible 
region by comparison of curves obtained for copper sulfate (CuS04-5H20) 
and potassium dichromate solutions in different cell depths with the stand- 
ard curves for these substances published by Mecke and Ley (3), Houstoun 
(2), Griinbaum (1), and others. In the ultra-violet region the spectro- 
scopic procedure was tested by a comparison of curves for potassium di- 
chromate with the standard curves for this substance recorded by von Hal- 
ban and Siedentopf (6), Rosslcr (5), and others. The agreement between 
all the standard curves and ours was very close. 



Fig. 1 . Visible and ultra-violet absorption spectrum curves of purified cephalin 

from beef brain 


All the solutions studied were apparently clear, yet faint Tyndall light, 
manifesting scattering of light, was observed; but the correction of the 
absorption curves for this effect has not yet been determined. 

Purified cephalin, for which published data are given by Wadsworth, 
Maltaner, and Maltaner (8, 9), and lecithin, not highly purified, were in- 
vestigated by this method. The antigens studied were those used in the 
routine complement-fixation tests for syphilis, which are modifications of 
the Bordet-Ruelens and of the Ncymann-Gager type, and those prepared 
for precipitation tests by a new method (7). 

The absorption spectrum curve for purified cephalin is presented in 


figure 1. Wave lengths in Angstrom units and wave numbers, ~ cm.“" 

A 


, are 


plotted against extinction coefficient. 
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where c is the concentration in milligrams per cubic centimeter, d is the 
depth of the cell — in this case, 1 cm. — Iq is the intensity of incident light, 
and I is the intensity of light after passing through the solution. 

The curve for cephalin is fairly smooth in the visible region, with a slight 
change in slope between X 6250 and 5550 A.U., but in the ultra-violet range 
it indicates two regions where inflections oct^ur : one between X 2850 and 
2550 A.U., E about 0.25, near where the proteins are known to absorb 
radiation, and a second between X 2400 and 2220 A.U., where E is about 
0.55. 

A previous very limited study of lecithin, not highly purified, yielded an 
absorption curve in the visible region of the spectrum which was smooth 
and indicated very little absorption between X 7000 and 5000 A.U., where 
the absorption began to increase. Spectrograms for the ultra-violet 



Fig. 2. Comparison of the visible and ultra-violet absorption spectrum curves of 
beef-heart antigens for complement-fixation tests prepared by modified methods of 
Bordet and Ruelens (curve B) and Neymann-Gager (curve W). 

region gave evidence of selective absorption between X 2800 and 2500 A.U. 
and between X 2400 and 2230 A.U. These two regions occur about where 
selective absorption was indicated by the ultra-violet absorption curves 
for cephalin. 

The absorption curves for one sample each of a modified Bordct-Ruelens 
and of a modification of a Neymann--Gager antigen are presented in figure 
2. In the preparation of the Bordet-Ruelens antigen, the acetone-ex- 
tracted tissue was further thoroughly extracted with anhydrous ether. 
The vacuum-dried tissue was then extracted with absolute alcohol at room 
temperature for ten days. The filtered extract is the antigen used for 
curve B. The modification of the Neymann-Gager antigen, which is 
represented by curve W, employs air-dried tissue, preliminary extraction 
with anhydrous ether, and final extraction by boiling with absolute alcohol. 
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Curve W represents a substance which is less transparent in both the 
visible and ultra-violet ranges of the spectrum than that represented by 
curve B. Both curves are fairly smooth in the visible region, with a slight 
inflection within the range from X 5460 to 6300 A.U. in curve W. The 
latter also shows inflections within the range of about X 3350 to 2950 A.U. 
and X 2850 to 2530 A.U., where curve B is smooth. Both curves have 
definite absorption bands farther in the ultra-violet. The maximum of 
this band for curve W is at X 2375 A.U., where the extinction coefficient 

(.B = ^ log ^ is 38.4±; the minimum, at X 2235 A.U., where E is 34.5db. 

The maximum of the band in curve B lies about 40 A.U. farther towards 
the shorter wave lengths — that is, at X 2335 A.U., where the extinction 
coefficient is 21.8±; the minimum at X 2190 A.U., where E is 16.6±. 



Fie. 3. Comparison of the visible and ultra-violet absorption spectrum curves 
of beef-heart antigens for precipitation tests prepared from tissue infused with 
water (curve A) and with 20 per cent sodium chloride solution (curve S). 

The hydrogen-ion concentration values, determined colorimetrically, 
were the same for all the antigens for which absorption curves are pre- 
sented. 

The antigen represented by curve A in figure 3 was prepared for use in a 
precipitation test. It was a 95 per cent alcoholic extract of beef-heart 
tissue which had been subjected to an aqueous infusion at 55°C., previous 
to acetone treatment and subsequent drying. The antigen represented 
by curve S was a 95 per cent alcoholic extract of tissue similarly treated, 
except that the infusion was carried out with a 20 per cent sodium chloride 
solution in place of water. 

A comparison of their absorption curves in the visible range of the spec- 
trum shows that the antigen which is prepared from tissue treated with 
sodium chloride solution shows an inflection in its curve S in the range of 
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X 4960 to 4600 A.U. whereas the curve A for the antigen prepared from 
tissue infused with water shows no inflection in this range. Both curves 
indicate little absorption in the range X 6800 to 5500 A.U., in which curve 
A represents slightly higher values of extinction coefficient than curve S. 
This work has been further substantiated by determining the curves for 
two other antigens of the same type, prepared in the same way as the anti- 
gens represented by curves A and S. 

In the ultra-violet range between X 4160 and 3900 A.U., curve S shows 
indications of selective absorption, whereas curve A is smooth. This differ- 
ence is more clearly indicated in figure 4. Both curves have inflections in 
the ranges from X 2800 to 2600 A.U. and from X 2500 to 2300 A.U., approxi- 
mately. Curve A has a slight inflection near X 3000 A.U. and represents 



Fig. 4. Comparison of absorption spectrum curves of beef-heart antigens A and S 
within the range X 4800 to 3700 A.U. 

a less transparent substance than does curve S throughout the ultra-violet 
range of the spectrum. In order to illustrate more clearly than is indicated 
in figure 3 the contrast in the curves in the range between X 4160 and 3900 
A.U., this portion of the curves has been drawn to a much more open scale 
and is presented in figure 4. The flat portion of curve S is contrasted with 
the smooth portion of curve A in this range. 

Curves for each of the two types of antigens — complement fixing and 
precipitating — ^which have already been shown in figures 2 and 3, have 
been plotted together for comparative purposes and are presented in 
figure 5. 

There are a number of points of difference between the curves W and S 
for the complement-fixation and precipitation antigens, respectively, but 
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the most outstanding difference is within the range from X 2500 to 2300 
A.U., where the curve W shows a definite absorption band (E value for 
maximum, 38.4 ifc), whereas curve S has merely an inflection and indicates 
less absorption, with values for E between 10 and 15.8 within this range. 
Curves for several other antigens showed definite bands for the complement 
fixation, and inflections only for the precipitation types. Curve W indi- 
cates selective absorption in the ultra-violet ranges from X 3350 to 2950 
A.U. and from X 2850 to 2530 A.U , and is fairly smooth in the visible region 
of the spectrum. Curve S has slight inflections between X 2800 and 2600 
A.U. and X 2500 and 2300 A.U. in the ultra-violet and a definite inflection 
in the visible region from X 4950 to 4600 A.U., where the curve W is smooth 
and indicates less absorption. 



Fig. 5, Comparison of the visible and ultra-violet absorption spectrum curves 
of a modified Neymann-Gager antigen (curve W) and one for precipitation tests 
prepared from tissue infused with 20 per cent sodium chloride solution (curve S). 

It seems well to record here a supplementary note regarding the fluores- 
cence of these materials and also of the results of tests for the effects of 
exposure to ultra-violet radiation. All of the substances for which absorp- 
tion curves have been shown fluoresced when irradiated with ultra-violet 
light from either a carbon arc or a quartz mercury-vapor arc through a 
Coming red-purple corex filter. Solutions of cephalin are generally 
characterized by fluorescence, according to Pamas (4). The sample 
studied fluoresced with a brilliant blue light, the band extending from 
about X 6300 to 4200 A.U., the maximum intensity being between X 5300 
and 6200 A.U. ; all the antigens fluoresced with a bluish-green light. There 
was no significant change in the coagulative activity of cephalin which had 
been exposed to the ultra-violet light of the tungsten-steel condensed spark 
for the time required to make spectrograms, nor in the degree of fixation 
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of complement obtained in antigen or antibody titrations performed with 
syphilitic sera and the antigens represented by curves B and W. 

SUMMARY 

From this preliminary spectroscopic study of cephalin, lecithin, and 
beef-heart antigens, it is noted that selective absorption in two ranges of 
the ultra-violet regions of the spectrum, about X 2850 to 2500 A.U. and 
X 2550 to 2200 A.U., is common to all and that the first range is near that in 
which the proteins are known to absorb. Differences between the absorp- 
tion curves for the complement-fixation and precipitation antigens and 
between two samples of each type have also been recorded. 

Little consideration has as yet been given to the identification of the 
substances which may be responsible for the selective absorption indicated 
by the curves shown. 
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INTRODUCTION 

Upon undertaking (1) the research here described, it was the intention 
of the author to study the quantitative variation in certain properties, 
especially that of cation exchange, as a function of the composition of a 
precipitated aluminum silicate. However, this proved to require con- 
siderable preliminary w^ork, since it w^as found that the factors upon which 
the cation-exchange capacity depended were not sufficiently known. 
That is to say, the cation-exchange capacity depends on so many vari- 
ables that it was found necessary to study a particular case first. 

It was decided to prepare an aluminum silicate under Icnown conditions, 
then to measure a series of properties for it. In this paper the theoretical 
aspects of the aluminum silicate considered as a colloidal particle will be 
taken up first. This wdll be followed by the experimental results. 

THEORETICAL 

Let us first consider the picture of the suspended particle (2). We may 
suppose the particle to consist of an interlacing of aluminum and silicon 
by oxygen atoms in a more or less random manner.^ Further, the particle 
contains a number of hydroxyl groups attached either to silicon or alumi- 
num atoms. We may assume that these hydroxyl groups are capable of 
splitting off hydrogen ions or of taking up hydrogen ions. That is to say, 
a negative or positive charge may be produced at a given point on the 
surface of the particle, according to whether we have respectively an ioni- 
zation by the splitting off of a hydrogen ion or the acceptance of such an 
ion from the solution. To a varying degree according to the conditions, 
these two processes take place in each particle. This may be represented 
schematically in some such way: 

M(OH)n - M(OH)n«p^,.(OH^)p (O”), + {q-p) 

1 That this arrangement is random is indicated by the fact that no lines were 
found on a Rontgen photograph of our precipitate. 
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Where M(OH)» represents the unionized particle with n OH groups, and 
(0 )g the ionized form after splitting off q H+ ions 
and taking up p of the same, it is to be expected that the dissociation as 
represented in the above equation will in the main be a function of the 
pH of the solution in which the particle is suspended. Under the working 
conditions used the main process has been one of splitting off hydrogen 
ions, owing to the fact that the pH is considerably on the basic side of the 
isoelectric point. Because of this splitting off of hydrogen ions, the particle 
will be negatively charged. Consequently, the cations in the solution will 
tend to foruQL an ionic atmosphere around it. In our particular case, these 
cations will Im •sodium ions. In the ionic atmosphere, the number of 
cations in exc^ of anions will be exactly enough to bring about electro- 
neutrality of the particle and the surrounding solution. A further assump- 
tion which we permit ourselves to make is that no metallic cations can 
occupy positions analogous to hydrogen in the OH groups, i.e., form cova- 
lent complexes of the type O Na with either alumina or silica. 

With the above assumptions in mind, the cation-exchange capacity of 
the aluminum silicate for Na”*" or other cation may be taken as a measure 
of the algebraic sum of the charges on the particle. In this algebraic sum, 
the charge of all ions, contained in the particle in the form of sterically 
hindered ions, will be included. And any positive changes on the surface 
of the particle, which may have resulted from taking up hydrogen ions, are 
to be made a part of the summation. 

With this as a picture it is obvious that the cation-exchange capacity 
must vary inversely to exactly the same extent as the particles take up or 
give off hydrogen ions. By adding acid or base to the suspension contain- 
ing salts of known concentration and making electrometric titration curves, 
one obtains a measure of the hydrogen ions taken up or given off as a func- 
tion of the pH. In order to calculate this function it is only necessary to 
make a similar titration using a salt solution of the same composition as 
that in which the precipitate is suspended. The difference between the 
amount of acid or base, as the case may be, used to bring the suspension 
in a salt solution to a certain pH and that required to bring the salt solu- 
tion alone to the same pH, gives the value of the hydrogen ions taken up 
or given off respectively by the precipitate. Thus from the two titration 
curves it is possible to calculate the change in cation-exchange capacity 
with pH. 

It is to be expected from thermodynamic considerations and is shown to 
be the case for zeolites by Rothmund (4) and Komfeld, and for soil silicates 
by Riehms (3) that for constant composition of the cation-exchanging 
substance the dependence of the pH on the concentration of the salt in 
suspension will be logarithmic. If we decrease the pH by one unit the 
concentration must increase by tenfold for a univalent ion, by a hundred- 
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fold for a divalent ion, by a thousandfold for a trivalent ion, etc. From 
this and the titration curves for the various cations, we may compute the 
functional relations between the cation-exchange capacity, the pH, and 
the cation concentration. 


EXPERIMENTAL 

Preparation of the aluminum silicate^ 

A specially prepared silica was used in preparation of the aluminum sili- 
cate. A typical example of the method used will be given. A Kahlbaum 
preparation (250 g.) of silicon tetrachloride was hydrolyzed by dropping it 
from a separatory funnel into water (2 liters), keeping the Mixture at a low 
temperature by surrounding the reaction vessel wdth 4old water. Ten 
repeated washings and filterings with hot distilled water, At intervals of 
twelve or more hours, w^re found to give a sample of silica which was free 
from chloride ion and which upon treatment with hydrofluoric acid left a 
residue less than one hundredth of 1 per cent. 

The aluminum silicate was prepared by dissolving the silica so obtained 
in a 3.8 N solution of sodium hydroxide, so that the molar concentration 
of silica was 1.9. This mixture was added to a boiling solution of alumi- 
num nitrate (0.1111 N) containing methyl red, until a permanent yellow 
had just been obtained. About 60 cc. of the sodium silicate mixture w^as 
nec('ssary for every 500 cc. of aluminum nitrate solution. The precipitate 
was boiled w ith continual stirring for half an hour. After cooling, the 
mixture was diluted ten or more times, and a series of decantings performed 
until no appreciable residue was found in the supernatant liquid, i.e., less 
than 2 mg. per 100 cc. The suspension thus formed w as diluted so that 
th(‘ residue on evaporation and drying at 150®C. was n(;arly 0.01 g. per 
gram of suspension. In this form it w^as used for experimentation. 

Method of treatment ivith silver nitrate 

The method of experimentation was as follows: A known volume of 
suspension was centrifuged. The resulting gelatinous mass, from w^hich 
supernatant liquid can be poured without loss of the disperse phase, was 
added to a known weight of silver nitrate solution and in many cases of 
sodium nitrate solution. The mixture was rotated slowdy (about one 
revolution per minute) for a varying period up to twenty hours, wdiich is 
necessary if complete equilibrium is desired. However, it w^as found that 
for many purposes one or two hours was sufficient. This suspension was 
again centrifuged, and the weight and silver content of the decant deter- 
mined. These processes were repeated a varying number of times, accord- 

® It is to be noted that the product obtained here is not aluminum silicate, but 
rather a complex of alumina and silica possessing OH groups at various points. 
For the sake of simplicity, this complex will be referred to as aluminum silicate. 
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ing to the specific purpose of the experiment. After decanting for the 
last time, the gel was analyzed for silver and a check made of the total silver 
found as compared with that used. In all cases except the one noted 
below, the Volhard volumetric method was used in the analysis for silver. 

Calculation of amount of silver taken up by the aluminum silicate 

The following formula is used in the calculation of the silver taken up 
by the precipitate, 

Aff = ^AeG^AgC'C^Ag + Gjit + Gnfi) 

^ a[l - C/1000 X (AfA, - Mn.)1 


where 


Ag, = millimoles of silver taken up per gram of original precipitate 
dried at 150®C., 

Ca, = concentration of silver nitrate solution (moles per 1000 g. of 
solution) added, 

G'ac = of silver nitrate solution added, 

C = concentration of silver nitrate in soution decanted (moles 
per 1000 g. of solution), 

C'Na = grams of sodium nitrate solution added, 

ChiO = grams of water in the gel (or sometimes the suspension, if 
used instead), 

a — grams of precipitate used (dry weight at ISO^C.), 

Ma. = atomic weight of silver, and 
= atomic weight of sodium. 


Time required to reach equilibrium 

Table 1 shows the effect of time of treatment upon the amount of silver 
taken up by the precipitate. There were roughly 100 cc. in the final sus- 
pension and a dry weight of precipitate of about 1 g. In the second column 
is found the number of millimoles of silver (Ag,) taken up by 1 g. of precipi- 
tate (dry weight at 150®C.). In the third and fourth columns are found 
the respective concentrations of silver and sodium in the decanted solu- 
tion, expressed in moles per 1000 g. of solution. The parentheses around 
the numbers in the column giving the sodium concentrations indicate that 
these numbers are obtained by indirect calculation. All numbers without 
such parentheses have been obtained by direct experimental measurements. 
The last column gives the value of the check, p, of the experimental accur- 
acy in the determination for silver. This is defined by 

Number of moles of silver found — number of moles of silver used 
^ ** Number of moles of silver used 
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It was found that four of the above-mentioned treatments of the gel from 
100 cc. of suspension with 100 cc. of 1 N silver nitrate were sufficient to 
saturate the precipitate with silver. The maximum amount of silver 
which can be introduced into the precipitate by repeated treatments with 
solutions of silver nitrate is called the cation-exchange capacity with 
respect to silver, and is given in millimoles of silver per gram of ^^sodium'' 
precipitate dried at 150°C. 


TABLE 1 


Tune required to reach equilibrium 


TIME OF TREATMENT 
WITH SILVER 
NITRATE 



Nai 

P X 10* 

5 min. 

1 63 

0 0833 

(0.0084) 

-2 

1 hr. 

1 72 

0 0843 

(0 0088) 

-3 2 

20 hrs. 

1 80 

0 0824 

(0 0084) 

-2 

45 hrs. 

1.79 





Ag, « silver taken up by the aluminum silicate (millimoks per gram). Agj, 
Na; ~ concentrations of silver and sodium respectively in the solution, p = check 
of experimental accuracy. 


TABLE 2 

Comparison of silver taken up with sodium given off 


SAMPLE 

NaNO, 

1st 

t>E<'ANT 

NaNO» 

2nd 

DECANT 

NaNOa 
3ud j 
decant 

NaNOa 

4 th 

decant 

NaNOa 

5th 

DECANT 

NaNOa 

6th 

DECENT 

NaNOa 

TOTAL 

Ag 

FOUND 

P X 105 

1 

1 54 

0 17 

0 06 

0 01 

0 00 

0 00 

(1 78) 

1 76 

~1 5 

2 

1 55 

0,17 

0 06 

0 01 

0 00 

0 00 

(1 79) 

1.76 

-1.7 


Demonstration that the process is an exchange of silver with sodium 

Table 2 gives the sodium nitrate found in the successive decants of an 
experiment consisting of six treatments of a gel from 100 cc. of suspension 
with 100 cc. of 1 silver nitrate solution. The silver was precipitated 
from the decants as silver chloride and the sodium nitrate in the filtrates 
estimated by evaporation and conversion to sodium chloride upon repeated 
evaporation with concentrated hydrochloric acid. The total sodium is 
then compared with the amount of silver which has entered the precipi- 
tate, as determined by the titration of the final gel for silver. The value 
for silver in the precipitate, 1.76 millimoles per gram, agrees favorably with 
the values, 1.78 and 1.79 millimoles per gram of precipitate, obtained for 
sodium in the decants, and shows that the process is a true exchange of 
silver for sodium. We may conclude from this that the amount of nitrate 
ion entering the precipitate during an experiment is negligibly small. 
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From the method of preparation of the suspension, i.e., removal of all 
foreign salts by repeated decanting, it is to be expected that the nitrate-ion 
content in the precipitate should be negligibly small. A colorimetric test 
showed that the amount of nitrate ion was of the order of 0.005 millimole 
per gram. Since the nitrate ion does not form complexes either with silica 
or alumina, and since there is a large negative charge on the particle, it is 
probable that this small amount of nitrate ion has been retained in the 
interior of the precipitated particles and is thereby prevented from escaping 
because of steric hindrance. 

Part of the sodium sterically hindered 

The question arises here as to whether all the sodium contained in the 
precipitate can be exchanged or not. In this connection a determination 
of the cation-exchange capacity gave 1.79 millimoles per gram, while an 
analysis made at the same time on the same sample gave 2.01 millimoles 
per gram. It then appears that there is a small amount of sodium, i.e., 
2.01 — 1.79 or 0.22 millimole per gram not exchangeable for silver. It 
may be noted that this non-exchangeable sodium in the precipitate must 
be considered as forming such a part of the interior structure as to be 
thereby prevented from exchanging because of steric hindrance. 

Cation-exchange capacity as a function of the age of the aluminum silicate 

We will now discuss the cation-exchange capacity as a function of the 
age of the aluminum silicate. Experiments on the freshly prepared sus- 
pension of table 2 gave the value 2.11 millimoles per gram, while the experi- 
ments of table 2, which were performed from three to four months later, 
gave 1.76 millimols per gram. This change was checked by an analysis of 
the supernatant liquid from the suspension after standing for this period. 
This gave for sodium in the liquid phase 0.38 millimole per gram of precipi- 
tate in the suspension, which agrees well with the difference 2.11 — 1.76 
s= 0.35. At this point it is of interest to note that the dry residue (red 
heat) found in the supernatant liquid was 5.9 per cent of the dry weight 
(150®C.) of the total precipitate. The relative amounts of the various 
constituents are given in table 3. It will be seen that the relative amounts 
of AI 2 O 8 and SiOa are rather closely the same in the two cases, but that 
there is considerably more NaaO in the residue from the supernatant liquid 
than in the precipitate itself. The ratio by weight of silica to alumina in 
the case of the precipitate is 2.8 to 1, while in the case of the residue from 
the supernatant liquid it is 3.1 to 1. It is of interest to compare this fact 
of a nearly unchanged ratio of silica to alumina with the theory of Mattson, 
who maintains that the weathering always proceeds in such a way that 
the isoelectric point is approached. From Mattson's work one would 



CATION-EXCHANGING PROPERTIES OF AN ALUMINUM SILICATE 753 


expect a considerably larger ratio of silica in the supernatant liquid than 
in the precipitate itself. According to Mattson's principle of the isoelectric 
weathering, a precipitate is most stable at the pH corresponding to the 
isoelectric point. The isoelectric point of our suspension is a little greater 
than 4, as shown by figure 2. However, on bringing the suspension to the 
isoelectric point by adding the calculated amount of nitric acid, it was 
found that about 10 per cent of the alumina and about 1 per cent of the 
silica were dissolved. This fact indicates that the isoelectric point is not 
the pH at which the suspension is most stable. This leads one to the 
conclusion that the factors governing the stability of the alumina-silica 
complex are not mainly electrostatic, but also depend considerably on the 
chemical constitution of the system. 


TABLE 3 

Relative amounts of the various constituents 


CONSTITUENT 

PRECIPITATE 

DRY RESIDUE FROM 
THE SUPERN ATANT 
LIQUID 


per cent 

per cent 

SiO,. . 

60 33 

60 2 

AUO,. . 

21 64 

19 6 

Na,0 

4 11 

20 2 

H,0 

13 92 



Measuremerit of the equilibrium relations for silver-sodium 


Having considered the question of the cation-exchange capacity of the 
aluminum silicate with respect to the exchange of silver and sodium, a 
w^ord now' will be said with regard to the equilibrium states in which only 
part of the exchangeable sodium has been exchanged for silver. Table 4 
gives a summary of some experimental results. The quantities present are 
the same as those of table 1, In figure 1 the logarithm of the ratio of the 


concentrations of sodium to silver in the liquid phase, log 


’ (Na) 1 


.(Ag)J/ 


, is plotted 


against the logarithm of the ratio sodium to silver taken up by the precipi- 


tate, log r , as calculated from the values of the saturation capacity 

L(Ag)J* 

obtained experimentally. Two straight lines are found, one for the freshly 
prepared* suspension, another for the suspension from tw elve to sixteen 
weeks old. Several points of intennediate age are also found. It will be 
noted that, in the case of the suspension from twelve to sixteen weeks old, 
the points are much more diffusely scattered than is the (‘ase for the 
freshly prepared precipitate. 
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TABLE 4 


Mecauremeni of eguilihrium relations for silver-sodium 


BXPSBIMSNT 

SAHPLli 

Ag . 

Agi 

Na{ 

pX io« 

TIMS or 

BOTATION 

1 

2 

1.80 

0.0824 

(0.0093)* 

-2 

houn 

20 

2 

1 

1.81 

0.0816 


-1.1 

20 

2 

2 

1.62 

0.0380 

(0.0384) 

-0.8 

20 

2 

3 

1.58 

0.0317 


-0.8 

20 

3 

1 

1.97 

0.0762 

(0.0165) 

-1.5 

20 

3 

2 

1.80 

0.0388 

(0.0688) 


20 

3 

3 

1.18 

0.0404 

(0.511) 


20 

3 

4 

1.12 

0.0409 



20 

3 

5 

0.29 

0.0508 

(5.10) 


20 

3 

6 

0.30 

0.0509 


-6.7 

20 

4 

1 

1.83 

0.02281 



15 

4 

1 

2.12 

0.1472 


-1 4 

20 

4 

2 

1.87 

0.02447 



15 

4 

2 

2.10 

0.1498 


-0.1 

20 

6 

1 

(1.54) 

0.910 



2 

6 

1 

(1.71) 

0.990 



15 

6 

1 

1.75 

0.997 


-2 7 

20 

6 

2 

(1.54) 

0.909 



2 

6 

2 

(1.71) 

0.990 



15 

6 

2 

1.76 

0.999 


-4 8 

20 

6 

3 

(1.54) 

0.908 



2 

6 

3 

(1.71) 

0.991 



15 

6 

3 

1.77 

1.000 


-3.5 

20 

7 

1 

(1.54) 

0.911 



2 

7 

1 

(1.71) 

0.991 



15 

7 

1 

(1.77) 

0.998 

0.0004 


20 

7 

1 

(1.78) 

0.999 


-3.5 

20 

7 

2 

(1.55) 

0.912 



2 

7 

2 

(1.72) 

0.990 



15 

7 

2 

(1.78) 

0.999 



20 

7 

2 

(1.79) 

1.000 


-4.5 

20 

S 

1 


0.1121 

(3.589) 

-1 


8 

2 


0.1117 

(3.682) 

-2 

20 

8 

3 


0.1452 

(0.926) 

-1 

20 

8 

4 


0.1446 

(0.996) 

-3 

20 

8 

5 

1.42 

0.1528 



20 

8 

6 

1.44 

0.1529 


-3 

20 

9 

2 

1.30 

0.533 

(0.432) 


20 

9 

3 

mSsM 


(0.765) 


20 

9 

6 

WaSm 

0.0673 

(0.873) 


* 20 

9 

6 

■H 


(0.872) 


20 


Ag« millimoles of silver in the precipitate per gram of sodium precipitate used. 
Ag{ « concentration of silver in the liquid phase. Nai — concentration of sodium 
in the liquid phase. 

* All numbers in parenthesis are not directly measured. 
















CATION-EXCHANGING PROPERTIES OF AN ALUMINUM SILICATE 755 


Titration of the aluminum silicate 

Several samples of the suspension were prepared. One contained only 
water* as suspending agent. The others contained various added electro- 
l 3 rtes, sodium nitrate, sodium chloride, potassium chloride, silver nitrate, 
calcium nitrate, barium nitrate, and lanthanum nitrate, each of a concen- 
tration of 0.1 JV. The pH values of these samples were determined. The 
results of these determinations are shown in table 5. A number of titra- 
tion curves with the addition of 0.1 nitric acid and sodium hydroxide 



Fig. 1 



MILLIMOLES 
Fio. 2 


Fig. 1. Equilibrium relations for the exchange of silver and sodium. The loga- 
rithm of the ratio of the concentration of sodium to silver in the liquid phase, log 

LAg 

is plotted as abscissa against the logarithm of the ratio of the same elements in the 
solid phase, log I , as ordinate. 9 represents points for the freshly prepared sus- 

LAgJ* 

pension; o represents points for the suspension from twelve to sixteen weeks old; 
-O- represents points for the suspension of intermediate age. 

Fig. 2. Titration curves for the aluminum silicate suspension containing various 
ions in one-tenth normal solutions. The pH is plotted against the amount of 0.1 N 
nitric acid or 0.1 N sodium hydroxide added expressed in millimoles per gram of 
precipitate dried at 150°C. 


solutions were made on each of these samples of theisuspension (see table 6). 
The titrations of the suspension containing silver nitrate were performed 
with the glass electrode. In that case neither hydrogen nor quinhydrone 
electrodes can be used, the hydrogen electrode because of the presence of 
the NOa”" ion, and the quinhydrone electrode because of the reduction of 
silver nitrate to metallic silver. In all the other cases the quinhydrone 

* Sodium is present in the equilibrium concentration of about 0.004 Ny after centri- 
fuging and decanting the suspension from twelve to sixteen weeks old. 
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electrode was used. Comparison was made between the glass and the 
quinhydrone electrode for the case of the suspension containing sodium 
chloride, and a pH value of 6.36 was foimd for the quinhydrone electrode 
compared with 6.37 found for the glass electrode. Table 6 gives the pH as 
a function of the amount of acid added to each suspension. The first 
column gives the salt used, the second the amount of acid added in milli- 
moles per gram of precipitate (dried at 150® C.), and the last the correspond- 
ing pH. In all cases 0.840 g. of precipitate, 0.0843 N nitric acid, and an 
original volume of 100 cc. were used. 

It was found that the reproducibility of the experiments was poor on the 
basic side of the pH range. As an example of the dependence of minor 


TABLE 5 

Values of pH in untitrated suspensions* 


8U8PSN8ION CONTAINBO XN 

pH 

Water 

7 7 (hydrogen electrode) 

7 68 (quinhydrone electrode) 
7 73 (glass electrode) 

7 69t (quinhydrone electrode) 
7 71t (glass electrode) 

NaNO, (0 1 AT) 

6 39 

NaCl (0 1 N) 

6 36 

KCl (0 1 AT) 

6 35 

AgNOa (0.1 AT) 

5 98 

Ca(NO,)2 (0.1 AT) 

5 99 

Ba(NO,), (0.1 AT) 

6.00 

La{NO,), (0 1 N) 

5 58 

* All numbers not specifically noted were obtained by use of the quinhydrone 
electrode. 


t These values were obtained after the suspension had been “purified'^ by centri- 
fuging^ adding water to same volume as before, and allowing to stand one hour. 


factors on the resulting pH in this region, the following example is cited. 
Using a sample of suspension containing 0.1 sodium chloride, if 2 cc. of 
0.1116 iV sodium hydroxide is added all at once the resulting pH is 8.58, 
but if it is added in amounts of 0.5 cc. at intervals of ten minutes, the value 
obtained is 8.74. 

Figure 2 shows the results which are considered to be best for the dififer- 
ent ions in the 0.1 AT solution. The pH is plotted against the amount of 
nitric acid and of sodium hydroxide added (both in millimoles per gram of 
precipitate). Examining these curves it will be noted that the lower the 
pH the less the specific effect due to each ion. This is to be expected, since 
the more acid the suspension the lower the net electrical charge and hence 
the specific effects, which are assumed to be in part electrostatic, will be 
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TABLE 6 

Titration of the suspension with nitric acid (0.084S N) using quinhydrone electrode 


In all cases, weight of precipitate = 0.840 g. and original volume = 100 cc. 


SALT 

ACID 

ADDED 

IN 

MILLI- 

MOLES 

PER 

ORAM 

pH* 

mean 

salt 

ACID 

ADDED 

IN 

MILLI- 

MOLES 

PER 

GRAM 

pH* 

MEAN 

No salt 

0 

00 

7 

70t 



NaCl (0.1 N)— 

1 

51 1 

4 

32] 




0 

10 

6 

96 



Concluded 



4 

30 [ 

4 

.30 


0 

20 

6 

48 






4 

30 




0 

50 

5 

66 






4 

29 




1 

00 

3 

85 











1 

51 

3 

32 



KCl (0 1 N) 

0 

00 

6 

34 













6 

38 

6 

35 

NaNOs (0 IN) 1 

0 

00 

6 

69 






6 

35 




0 

10 

6 

02 






6 

34 




0 

20 

5 

73 











0 

50 

5 

08 




0 

10 

5 

77 




1 

00 

4 

.49 






5 

78 

5 

78 


1 

51 

4 

23 






5 

80 













5 

76 



NaCl (0 1 N) 

0 

00 

6 

.38 













0 

36 

6 

37 


0 

20 

5 

42 






6 

36 






5 

41 

5 

40 




6 

39 






5 

39 













5 

39 




0 

10 

5 

89 













5 

89 1 

5 

89 


0 

50 

4 

83 






5 

89 






4 

84 

4 

83 




5 

86 






4 

84 







1 






4 

80 




0 

20 

5 

53 





1 








5 

51 

5 

50 


1 

00 

4 

42 






5 

48 






4 

,42 






5 

47 






4 

44 

4 

43 











4 

46 




0 

50 

4 

96 













4 

98 




1 

51 

4 

25 j 






4 

93 

4 

94 




4 

26 






4 

90 






4 

25 

4 

26 











4 

27 




1 

00 

4 

,57 













4 

57 



AgNOs (0.1 N) 

0 

00 

5 

98 






4 

52 

4 

57 


0 

10 

5 

43 






4 

60 




0 

20 

5 

14 




* Each number shows an individual experiment. Thus in many cases it can be 
seen how much the values varied upon repetition. 

t This value is the mean of the values obtained from the glass and quinhydrone 
electrodes. 
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TABLE! 6 — ConcludBd 


SALT 

ACtO 

ADDSD 

zx 

laLLZ* 

MOLSS 

PBB 

GBAM 

pH* 

MBAN 

BALT 

ACID 

ADDBD 

ZX 

MZLLZ- 

MOLBS 

PBB 

OBAM 

pH* 

AgNO, (0.1 N)— 

0.50 

4.69 


Ba(NO.), (0.1 N) 

0.20 

5.12 

Concluded 

1.00 

4.41 


—Concluded 

0 50 

5 67 


1.51 

4.24 



1.00 

4.38 






1 51 

4.21 

Ca(NOa), (0 1 N) 

0 00 

5.99 






0.10 

5.39 


La(NO,), (0.1 iV) 

0.00 

5.58 


0 20 

5.10 



0.10 

5.27 


0.50 

4.67 



0.20 

5.05 


1 00 

4.24 



0.50 

4.69 






1.00 

4 38 

Ba(NOs)a (0 1 N) 

0 00 

5 99 



1.51 

4.21 


0 10 

5 42 






reduced. It will also be noted that nearly the same curve is found for the 
sodium and potassium ions and likewise one for silver, calcium, and barium 
ions. It is not understood why silver ion follows the curve for the divalent 
ions calcium and barium, but it must be supposed that there are specific 
eflFects which lead to this result. 

From the curves of figure 2 we may calculate, on the basis of the con- 
siderations and postulates made in the theoretical section, the relations 
between the cation-exchange capacity and the pH. From the experimental 
results the value of the amount of exchangeable sodium ions in the unti- 
trated suspension, to which neither acid nor base have been added, is 1.78 
millimoles per gram. This value was found by treating the suspension 
with silver nitrate. Figure 3 shows the results of these calculations. The 
cation-exchange capacity, is plotted against the pH for 0.1 A?' solutions 
of the various cations in the suspension. 

To check this relation between the pH and the cation-exchange capacity, 
calculated from the titration experiments, the amount of sodium ions ex- 
changeable with silver ions has been measured at pH 5.10 in 0.1 AT sodium 
chloride, and found to be 1.38 millimoles per gram. According to the 
curve in figure 3, we see that at pH 6.10 the value 1.37 is found and, con- 
versely, at the cation-exchange capacity of 1.38 millimoles per gram the pH 
5.08 is given. This agreement is very close and perhaps is better than 
should be expected. 


ReversibiUty of titration 

The question of the reversibility of these titrations is of interest. In 
order to determine this, the suspensions containing 0.1 iV' sodium and 




CATION-EXCHANGING PROPERTIES OF AN ALUMINUM SILICATE 759 


potassium chlorides respectively were titrated back after first having been 
titrated forward with acid and base, respectively. Figure 4 shows the 




pH niLLinOLES 

Fig. 3 Fig. 4 

Fig. 3. Relation between the cation-exchange capacity, S, and pH for one-tenth 
normal solutions of the various cations in the suspension. 

Fig. 4. Titration of the aluminum silicate suspension in tenth normal solutions 
of potassium chloride and sodium chloride, showing back titration points, o repre- 
sents the forward titration for sodium; -o represents the forward titration points 
for potassium; -o represents the back titration points for sodium; o represents the 
back titration points for potassium. In one case, where there may be ambiguity, 
the back titration points for Na'*' and after the addition of base, are shown by 
K> and OH , respectively. 




Fig. 5 Fig. 6 

Fig. 5. The relation between the cation-exchange capacity, S, and the salt concen- 
tration, N, at pH =* 7 

Fig. 6. The relation between the cation-exchange capacity, S, and the salt con- 
centration, N, in the case of sodium ion at several pH values. 


results of these experiments. It will be noted that there is a certain degree 
of irreversibility in the curves on the basic side of the pH range, but that 
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the irreversibility is negligible on the acid side. From this fact and the 
difficulty in obtaining reproducibility on the basic side, we may conclude 
that the precipitate is unstable in such solutions. Considering further 
the results of the breaking down of the precipitate and its solubility in acid 
solutions near the isoelectric point, it seems that the pH of maximum sta- 
bility must lie at neutrality or at a somewhat lower pH. Comparable 
results have been obtained by Riehms on clays. 

It has been thought of interest to calculate the relation between the 
cation-exchange capacity, S, and the cation concentration, N, for a given 
pH, say 7 (see theoretical part). The results of these calculations are 
shown in figure 5. The cation-exchange capacity is plotted against the 
logarithm of the cation concentration. The values of the logarithms are 
not expressly given in figure 5, which shows only the values of the concen- 
trations from which the logarithms were calculated. Figure 6 gives the 
same relation for sodium ion at several pH values. 

• SUMMARY 

The theoretical aspects of the colloidal aluminum silicate particle are 
discussed. It is shown that the cation-exchange capacity will depend upon 
the pH of the suspending solution and upon the nature and concentration 
of salts present in the solution. 

Experimentally, a single type of aluminum silicate was prepared. The 
conditions of preparation of this aluminum silicate are given in detail. 
The method of experimentation for the direct measurement of silver taken 
up by the aluminum silicate is explained. It is demonstrated that the 
process is a mole-for-mole exchange of silver for sodium, and that a small 
part of the sodium is non-exchangeable by silver. It is pointed out that 
the cation-exchange capacity depends on the age of the sample. The 
equilibrium relations where only part of the silver has been exchanged have 
been measured and discussed. pH determinations and titration curves 
were made on the suspension containing a number of salts in tenth nonnal 
solution. Calculations based on the theoretical picture were made and 
discussed. 

The author wishes to express his sinccrest appreciation to Prof. N. 
Bjerrum and to the American Scandinavian Foundation for making possi- 
ble the carrying out of the above research. 
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Cathode polarization in fused salts has been studied very little up to the 
present time. There is one paper by Aten and others (1), but Aten was 
interested only in the relation between the cathode potential and the cur- 
rent density in connection with the character of cathode deposits obtained 
from fused salts. Our method of experimenting was the same in principle 
as that used by Aten. The fused salt in a porcelain crucible was placed in 
an electric furnace with the carbon electrodes — cathode and anode — pass- 
ing through the opening in the cover of the furnace. The potential was 
measured between an auxiliary electrode and the cathode at various cur- 
rent densities. The auxiliary electrode was constructed in the following 
way. The fused metal being plated was placed at the bottom of a quartz 
test tube with capillary jet at the side which was closely pressed to the 
cathode. The test tube was filled with fused electrolyte through the capil- 
lary jet; thus a lead or cadmium electrode was obtained. The contact of 
liquid metal in the test tube with the wires connected to the potentiometer 
was made by means of an iron wire. This w ire was enclosed in a porcelain 
capillary in order to prevent contact of the iron wire with the fused electro- 
lyte. We measured the resistance of the cathode in order to make the 
necessary correction. In this measurement the cathode was at the same 
temperature condition as that during the investigation at cathode polari- 
zation. The highest possible error was 0.01*-0.02 Q in the determination of 
cathode resistance. 

In the case of lead chloride the curve Ecath = / (current density) has the 
form shown in figure 1. It is seen that the potential of the cathode is more 
positive than the potential of the auxiliary electrode at comparatively low 
current densities. The cathode potential becomes less and less positive 
by increasing the current density and finally equals the potential of the 
auxiliary electrode (figure 1, point A), The current density at point A is 
equal to 0.2-0.15 ampere per square centimeter. Thus electrolysis of fused 
lead chloride at significant current densities can take place when the differ- 
ence of the potentials between the electrodes is less than the e.m.f. of the 
S 3 rstem Pb(PbCl 2 fused) CI 2 . The effect indicated was previously noticed 
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by R. Lorenz (3), who explains the phenomenon as a depolarizing action. 
This is confirmed by the fact that we were able by saturating the fused 
lead chloride with metallic lead to reduce the current density, at which the 
curve J^cath == f (current density) crosses the axis of the ordinates, from 0.2 
amp. to 0.015 amp. It is known that lead chloride can ‘^dissolve'^ a sig- 
nificant quantity of metallic lead. R. Lorenz supposed that in this case 
an emulsion of the lead is formed in the fused salt. However, Eitel and 
Lange (2) showed that the metal is not in colloidal form, but in true solu- 
tion. The solution of the metal in the fused salt is explained by these 
authors by the formation of compounds of metallic lead with lead chloride. 



The part of the curve that lies in the region of the positive values of poten- 
tial can be explained by assuming that during the dissolution of metallic 
lead in the fused salt monovalent lead ions are formed. Consequently it is 
possible that in the case of absence of metal in fused salt during electrolysis 
the discharge of Pb++ ions to Pb+ ions took place at the cathode. The 
potential of the cathode may be expressed in the following form: 

where a is constant, and Cpb+ and Cpb++ are the concentrations of the mono- 
and bi-valent ions near the cathode. 
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Reasoning by analogy from the case of concentration polarization in 
water solutions, Cpb+ and Cpb^^+, and placing their values in equation 1 we 
have 


= a — 


RT KiD - Co 
F Ch ~ K 2 D 


Here Ki and K 2 are constants at a given temperature; Co and Cj are the 
concentrations of the ions Pb*^ and Pb-^^ in the mass of the ele(;trolyte. Cq 
is insignificant (the fused salt was not in contact with the metal) . Dividing 
the numerator and the denominator of the logarithmic fraction by Cj and 
combining all constants in a, we shall finally have: 


® “ F I - KD 


( 2 ) 


The value of the constant a is determined by the condition that the differ- 
ence of the potentials between cathode and auxiliary electrode is zero at 
a certain current density, Do (point A, figure 1). 


a = 



Do 

1 - XDo 


Putting the value of a in equation 2 we shall have : 


E = 


RT , Do (1 - KD) 
F (1 - XDo) D 


(3) 


The results of the experiments with fused lead chloride at 600®C. and the 
values of the constant K are shown in table 1. 

The part of the curve E = f (current density) was studied for fused lead 
chloride in the region of the negative values of potential in experiments 
2, 4, and 5 at 550°C. The results of these experiments arc shown in table 2. 

In a given case the relation E = f (current density) may follow an equa- 
tion of the form E = a ~ b In D. The coefficient b has the following 
values: 


exp .2 4 5 

b 0 0348 0 0391 0.0417 

From the figures given it is seen that the coefficient b is approximately 
equal to the quantity RT/2Ff which has the value 0.0354 at 550°C. 

The relation obtained can be explained by supposing that in the region 
of the negative values of the potential the process Pb++ 2© — > Pb on the 
cathode plays the coordinal r61c. In this case \ve can suppose that atoms 
of the metal w^hich are formed at the cathode remain near it in the dissolved 
state and then these atoms condense in droplets with a certain definite 
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speed (the fused metal did not wet the carbon cathode). In connection 
with the above view, we can write the following expression for the, potential 
of the cathode: 


£? = a — 



C'pb 


TABLE 1 


Residts of experiments with fused lead chloride at dOO^C. 


E 

BXPBBIlfSNT 1 

BXPXRIICBNT 2 

XXPBRZMINT 3 

BXPBRIMXNT 4 

D 

X 

D 

K 

D 

K 

D 

K 

voU» 

amp./iq. 

cm. 


amp./sq. 

cm. 


amp./sq. 

cm. 


amp./sq. 

cm. 


0.000 

0.150 


0.153 


0 170 


0.200 


0.025 

0.130 

4.00 

0.130 

3.50 

0.150 

3.84 

0.180 

3 54 

0.050 

0.107 

3.74 

0.110 

3.95 

0.137 

4.32 

0.157 

3.44 

0.075 

0.090 

3.96 

0.093 

3.97 

0.120 

4.40 

0.140 

2.92 

0.100 

0.073 

3.76 

0.087 

4.00 

0.107 

4.74 

0.117 

3.64 

0.126 

0.063 

4.40 

0.067 

4.40 

0.097 

4.78 

0.100 

3.73 

0.150 

0 050 I 

4.40 

0.060 

4 80 

0.083 

4 21 

0.087 

3.90 

0.175 

0.040 ! 

4.50 

0.050 

5.05 

0.067 

3.40 

0.073 

3.99 

0.200 

0.033 

4.70 

0.040 

5.02 

0 043 

4 84 

0.057 

3.97 

0.250 

0.020 

4 90 

0 023 

5 05 

0 023 

{ 4 34 

0 030 

3.69 


TABLE 2 


Remits of experiments with fused lead chloride at 550^ C, 


XXPBRXlf BMT 2 1 

i 

XXPBRIMBNT 4 

BXPXRIMBNT 6 

E 

D 

E 1 

1 

D 

E 

D 

volts 

amp./sq. cm. 

volts 

amp./sq. cm. 

volts 

amp./sq. cm. 

mmm 

mSSm 

0.001 

0 225 

0.015 

0.614 



0.014 

0.279 

0.029 

0.837 

0.017 


0.029 

0.446 

0.033 

1.000 

0.027 

0.264 

0.048 

0.670 

0.035 

1.115 

0.033 

0.422 

0.052 

0.837 

0.044 

1.228 

0.044 

0.627 



0 048 

1.396 

0'052 

0.580 



0.052 

1.507 

0.060 

0.738 






Cpb is the concentration of the atoms of lead which are in the dissolved 
state near the cathode. Regarding the value Cpb+4 as constant, we shall 
have; 

^ = a-|^lnCpb (4) 

Assuming at each current density an equality between the speed of dis- 
chai^ of the ions Pb'^'*' and the speed of condensation of the dissolved 
metallic atoms, we shall have: 
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KD = Cpb - Co (5) 

where Co is the value of a concentration corresponding to equilibrium at a 

given temperature. Placing the magnitude Cpb in the expression of po- 
tential and making some simplification, we shall finally have: 

E = a-^ln(l+ K,D) (6) 

If the constant Kx is great enough, equation 6 may be written thus: 

E^a-^,\nD (7) 

The curve E = f (current density) in fused cadmium chloride is similar to 
the corresponding curves for lead chloride, only here the curve intersects 


TABLE 3 

Results of experiments with cadmium chloride 


KXPERIMBNT 6 

EXPFRIMENT 7 

E 

D 

E 


E 

D 

voKit 

amp./sq. cm. 

volts 

amp /sq cm. 

volts 

amp.Jsq. cm. 

+0 120 

0 006 

-0 016 

0.002 

- 0.084 

0.044 

+ 0.113 

0 024 

-0 022 

0.006 

- 0.104 

0.048 

+0 081 

0 045 

-0 033 

0 010 

- 0.117 

0.066 

+0 060 

0 084 

-0 048 

0 014 

-0 132 

0 088 

+0 033 

0.253 

-0 053 

0 018 

- 0.141 

0 no 

+0 026 

0 353 

-0 067 

0 026 

-0 150 

0 132 

+ 0.004 

0.446 

-0 073 

0 034 

-0 157 

0 176 

- 0.027 

0.670 






tJie axis of the ordinates at greater current density (experiment 6). Saturat- 
ing the fused cadmium chloride with metallic cadmium (experiment 7) we 
succeeded in reducing the value of this current density almost to zero; thus 
the total curve lies in the region of negative values of the potential. 

The results of experiments 6 and 7 can be seen in table 3. In cadmium 
chloride the dependence E = f(D) also seems to follow an equation of the 
form = a — ^ In D. The coefficient h is equal to 0.0435 (experiment 6) 
and||^ 0.0348 (experiment 7), i.e., to RTf2F. In the region of the negative 
valuiei of the cathode potential (experiment 7) the existence of the indi- 
cated relation can be explained in a similar way to that of chloride. The 


E = a 


RT 

2F 


InD 


for cadmium chloride, which is not saturated with metallic cadmium 
(experiment 6), can be explained by supposing that by dissolving the 
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metallic cadmium in its chloride salt the formation of the ions Cd+ does not 
take place; thus on the cathode the process Cd++ + 2© — ♦Cd takes place. 
In connection with this, at all current densities the velocity of formation of 
the cadmium atoms will equal the velocity of their diffusion in the mass of 
the electrolyte. Thus we can write: 

KD = Ccd - Co 

where Co is the concentration of the cadmium atoms in the mass of the 
electrolyte. Determining the concentration of the cadmium atoms near 
the cathode, Ccd, we obtain 

Ccd = KD + Co 

If Co is very small (the fused salt was not in contact with the metal), we 
shall finally have: 


E — a 


BT 

2F 


InD 


r£sum£ 

The cathode polarization in fused salts of lead chloride and cadmium 
chloride has been experimentally studied. The part of the curve E = /(D), 
lying in the region of the positive values of the potential, is explained by the 
slowness of the diffusion process of Pb+ ions or cadmium atoms from the 
cathode in the mass of the electrolyte. 

In the region of the negative values of the potential the relation E — f{D) 
can be expressed by the equation 


K = a-^lnD 


We have explained the equation of this form by the slowness of condensa- 
tion of the lead or cadmium atoms which are formed at the cathode in the 
liquid. 


In conclusion we desire to express our thanks to Prof. A. N. Frumkin for 
his attention to this work. 
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The nature of the cathodal deposits in the electrolytic deposition of 
metals depends upon the conditions of the electrolysis. The same metal 
may deposit itself either in a solid smooth layer or in the form of crystals 
which grow into dendrites. At times the electrolysis is accompanied by 
the formation of a spongy mass on the cathode ; sometimes the deposit takes 
the form of an entirely black porous powder. 

With high current densities the deposition of metals takes place from 
dilute solutions in the form of porous, black, highly dispersed powders. 
Although this phenomenon has been known for a long time and a consider- 
able amount of work has been done in this field, the problem is still not 
entirely cleared up. 

The deposition of a black powder-like deposit on the cathode has been 
reported by many authors. As far back as in 1848 Poggendorf (12) re- 
ported the deposition of silver-black. Somewhat later Mylius and Fromm 
(8) described the formation of black deposits of platinum, zinc, cadmium, 
and lead. Later similar deposits were obtained for a number of other 
metals. We may now state definitely that under certain conditions black 
deposits can be obtained with almost all metals which form deposits on the 
cathode in electrolysis. 

In a study of the cathodal processes in the electrolysis of copper salt 
solutions, one of the authors (6) found a definite relation between the con- 
centration, the current density, and the time of the appearance of the 
black deposit. The observed regularity in the time when the deposit 
changes its appearance is undoubtedly connected with its structural and 
chemical composition. The authors have now studied in detail the struc- 
ture and composition of the black deposits, using the rontgenographic 
method. 

Black deposits of copper, zinc, cadmium, and silver, which settled out 
from dilute solutions of various salts at high current densities, were ob- 
tained. The reagents used were of ‘^c.p. for analysis^^ grade. The experi- 
ments were carried out at room temperature. A 100-cc. beaker was used 
for a bath. The anode was a spiral of the metal and was placed at the 
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wall of the beaker, surrounding on all sides the cylindrical platinum cathode 
in the center of the beaker. This arrangement gave a uniform current 
density on the cathode ( = 1 amp. per square centimeter). The porous black 
deposit of the metal (about 2 mm. thick), which settled out during the 
electrolysis, was quickly removed with the cathode to a beaker of hot dis- 
tilled water and at once taken off from the electrode with a glass rod. The 
cathode was put back into the solution and the experiment was repeated 
until a suflScient quantity of deposit was collected. This was washed with 
hot water, dried between sheets of filter paper, and packed in a slightly 
damp state into straws for analysis by Debye’s method. 

The x-rays were obtained from Hadding’s ionic tube with a copper 
anode and filtered through a nickel-filter; after filtration only the 2C« rays 
with an average wave length of X« = 1.539 A.U. remained. The rontgeno- 
gram data were calculated as the average values of four objective measure- 
ments. The error in the calculation of the parameters did not exceed 
0.003-0.005 A.U. 

It is characteristic of almost all the rontgenograms made that additional 
diffraction rings were present, and it was established that these were due 
to oxides. The relative intensities of the diffraction rings of the metals 
and their oxides were not always the same. The difference depends upon 
the chemical nature of the metal as well as upon the nature of the electro- 
lyte from which the metal was deposited. 

In general, the presence of oxides in electrol 3 rtic deposits is a well estab- 
lished fact (1, 3, 5), but the causes of their appearance are not fully investi- 
gated. Applying the relative intensity of the diffraction rings of the 
metals and their oxides as a criterion, we have determined the approxi- 
mate content of oxides in various deposits. The copper deposits were 
studied most extensively. They consisted of metallic copper and of cu- 
prous oxide. In none of the rontgenograms was cupric oxide discovered. 
Both copper and cuprous oxide were in a high state of dispersion, since the 
rings of the rontgenograms were slightly diffuse. Copper deposits wore 
obtained from solutions of the nitrate, sulfate, and chloride and also the 
baked deposit from the nitrate. The results are given in table 1. 

Table 1 shows that the deposits contain a considerable quantity of cu- 
prous oxide. Foerster and Seidel (3), who first observed cuprous oxide in 
deposits of copper, gave an explanation for its formation. When cupric 
sulfate is electrolyzed under certain conditions, the cupric ion at the cath- 
ode is reduced to cuprous ion and cuprous sulfate is formed; the latter is 
hydrolyzed and cuprous oxide formed. R. Luther (7) supports this scheme. 
The results of our investigations, however, do not harmonize with this 
point of view. The comparison of the cuprous oxide contents of various 
deposits leads us to believe that the cuprous oxide is formed as a result of 
oxidation, which is effected mainly by the anion. The higher the oxidizing 
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power of the anion, the greater the oxide content in the precipitate. Be- 
sides this factor, other oxidizing factors are also taking part, as is shown by 
the presence of cuprous oxide in the deposits resulting from the chloride 
solution. Evidently the cupric cation and the hydroxyl ions of the solvent 
are also capable of exerting an oxidizing effect. It is possible that a hy- 
drolysis process is also taking place, according to Foerster^s scheme, but it 
seems to play a secondary r61e. 

It is very interesting to note that both copper and cuprous oxide in the 
precipitates have greatly increased parameters of the crystalline grating. 
These increases vary with a certain regularity, the lower the oxide content 
in the precipitate the greater being the increase in parameter. At the 
same time the percentage increase in the parameters of copper and cuprous 
oxide of the same precipitate is almost the same. The increase in parameter 
is evidently due to the penetration of hydrogen into the crystalline grating, 


TABLE 1 

Results of the rontgenographic investigations 


KIND OP COPPER DEPOWT 

CujO 

Cu 

Approx- 
imate 
per cent 
in pre- 
cipitate 

Para- 
meter 
of the 
grating 

Per cent 
increase 
of para- 
meter 

Approx- 
imate 
per cent 
in pre- 
cipitate 

Para- 
meter 
of the 
grating 

Per cent 
j ncroaee 
of para- 
meter 


■per cent 

A.U 


per cent 

A U 


Precipitate from the nitrate 

40-45 

4 270 

0 45 

5.5-60 

3 627 

0 47 

Precipitate from the sulfate . 

25-30 

4 290 

0 70 

70-75 

3 636 

0 72 

Precipitate from the chloride. . . 

10-15 

4 300 

0 94 

85-90 

3 642 

0 90 

Baked deposit from the nitrate. . . . 

40-45 

4 266 

0 14 

55-60 

3.621 

0 30 


Copper and cuprous oxide crystallize in the cubic system. The normal pa- 
rameters are: for copper a » 3.61 A.U.; for cuprous oxide a =* 4.26 A.U. 


with the formation of so-called solid solutions of the second order, — hydro- 
gen dissolved in copper and in cuprous oxide. Electrolysis at high current 
densities occurs in conditions which are exceptionally favorable for the 
formation of solid solutions of hydrogen. The deposits settle out in a 
highly dispersed state. Parallel with the settling out, a discharge of the 
hydrogen ions takes place at the cathode and every crystalline particle 
of precipitate contains hydrogen on its surface during the whole process of 
growth. The higher the concentration of hydrogen on the grow ing parti- 
cle, the greater is the quantity of hydrogen which will imbed itself into 
the crystalline grating and the greater the increase in the parameter. 
Simultaneously with this, secondary oxidizing factors are active at the 
cathode, affecting the particles of the precipitate as well as the hydrogen 
on their surface. Evidently, the more active the oxidizing factors are, the 
less hydrogen will be dissolved in the precipitate and the more oxides will 
be present. 
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From this point of view it is clear that the greatest increase in the para- 
meters of copper and cuprous oxide should be observed with the chloride 
solution, since in this case the oxidation processes are the weakest. The 
reverse should be found with the nitrate solution. 

Thus, the secondary oxidation processes at the cathode, connected with 
the oxidizing activity of the ions, affords a satisfactory explanation of the 
changes in the size of the parameters of the gratings of copper and cuprous 
oxide observed in our investigations. 

The fact that the increase in parameter is observed not only in copper 
but also in cuprous oxide is of significance, since it proves that the oxidation 
of the metal by the anion is taking place during the whole process of pre- 
cipitation of the metal and not only after the current is cut off. 

In order to bring out the effect of heat on the deposition, one of the 
copper precipitates obtained from the nitrate was baked. This changed 
the color from dark-brown to the ordinary red color of copper. The diffrac- 
tion rings of copper and cuprous oxide on the nmtgenograms became very 
sharp, which indicates a decrease in dispersion. The size of the param- 
eters of the grating decreased, especially for cuprous oxide, the parameter 
of which almost reached the normal size. At the same time the loss of 
hydrogen by the copper precipitate was small, in spite of the fact that in 
baking the metal was brought to a red heat. Evidently the copper grating 
is holding on very firmly to the dissolved hydrogen. 

The zinc deposits studied were obtained from nitrate and from chloride' 
solutions. 

The precipitate obtained by the electrolysis of the nitrate was almost 
completely oxidized, while the electrolysis of the chloride gave a metal 
with an insignificant admixture of zinc oxide. This fact is analogous to 
the regularity observed in the precipitates of copper and confirms the 
oxidizing r61e of the anion. The solvent, evidently, plays a sec'ondary 
r61e as an oxidizing factor. 

The results with the zinc precipitates arc an additional confirmation of 
the inapplicability of the hydrolytic view for the general explanation of the 
origin of the oxides present in the cathodal precipitates. 

It is worthy of notice that while the precipitate from cupric nitrate con- 
tained 40-45 per cent of cuprous oxide, the precipitate from zinc nitrate 
contains almost completely oxidized zinc. This shows that the oxide con- 
tent depends upon the degree of oxidizability of the metal. 

Unlike copper, the deposited zinc has normal parameters of its crystalline 
grating. Evidently, zinc by its chemical nature is not capable of absorb- 
ing hydrogen. On the other hand, zinc oxide has a much enlarged param- 
eter, more than 1.5 per cent, which shows a considerable quantity of 
dissolved hydrogen. The cadmium deposit was precipitated by electroly- 
sis of the nitrate solution. Similar to the deposits from the nitrates of 
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copper and zinc, it contained only 40-50 per cent of metal. Unfortunately 
the rontgenogram was not definite as to the nature of the admixtures. 
Altogether we were able to measure seventeen diffraction rings, of which 
nine were those of cadmium ; the other eight were rings of an unknown struc- 
ture, definitely neither of cadmium oxide nor of cadmium hydroxide, the 
gratings of which are known. We assume that the admixture is Cd20, the 
structure of which is not known and which has been very little investigated. 
This assumption is strengthened by the fact that the deposit of copper, 
which is capable of forming two kinds of oxidi', always contained only the 
lower oxide, — cuprous oxide. The metallic cadmium in the deposit has a 
considerably widenerl grating. The increase in the parameter is 1.08 per 
cent, which indicates a great absorption of hydrogen. 

The silver deposit was also obtained from the nitrate solution. The 
deposit does not contain any oxide, the rontgenogram containing only the 
silver rings. The grating differed very little from the normal, and the 

TABLE 2 


Comparison of copper^ zinc, cadmium, and silver 


ORDKR IN THR ELECTROMOTIVE SERIES 

THEIR NORMAL 
POTENTIAL.^ BY THE 
NORMAL HYDROGEN 
ELECTRODE 

THE OXIDE CONTENT 
IN THE DEPOBIT 
FORMED I'ROM THE 
NITRATE 


volts 

per cent 

Zinc . . 

-0 76 

97-98 

Cadmium. . 

-0 40 

50-55 

Copper ... 

+0 34 

40-45 

Silver 

■f 0 80 

No oxide 


increase hardly exceeds the possible experimental errors, hence silver dis- 
solves hardly any hydrogen. 

The deposits from the nitrates were obtained from all the metals under 
investigation — copper, zinc, cadmium, and silver. If we place the oxide 
content of the deposits in the order of the metals in the electromotive series, 
as in table 2, a definite regularity is seen. The oxide content diminishes 
with the diminished oxidizability of the metal. This confirms the idea 
expressed above. 

Along with the oxidizing action there is also at the cathode a reducing 
action, due to the hydrogen set free. Its importance in the general process 
depends upon the deposition potential of the metal and upon the pH of the 
solution. 

The sum of all the factors enumerated above determines the character of 
the secondary chemical process and the composition of the cathodal de- 
posits in each particular case. 

Thanks to the high dispersion state of the deposited metals, the changes 
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brought about by the secondary chemical processes become exceptionally 
augmented. The nature of the secondary processes, however, is not a 
function of the current densities, the same process but to a different degree 
taking place at both high and low current densities. Therefore all the 
conclusions reached for deposits formed at high current densities hold good 
also for electrolysis in ordinary conditions. Oxidation taking place during 
deposition causes heterogeneity of the deposit and has considerable in- 
fluence on its physical structure. 

SPONGY DEPOSITS 

The above study led us to the idea that oxidation is also a possible cause 
of growth of the so-called spongy deposits on the cathode. The oxide con- 
tent of deposits from nitrate solutions increases in the direction silver, 
copper, cadmium, zinc, i.e., it depends on the oxidation tendency of the 
metals. The tendency for spongy deposit formation, all other conditions 
being equal, follows the same order. The greater tendency of zinc for 
spongy deposit formation, as compared with cadmiuih, was reported as far 
back as 1897 by Mylius and Funk (10). Of the four metals mentioned, 
zinc has the greatest oxidation tendency and it is exactly in the electrolysis 
of this metal that spongy formations cause the greatest difficulties. In the 
earlier investigations, the zinc spongy formation was considered to be 
due to the action of hydrogen (4) and even the formation of a hypothetical 
hydride, ZnH 2 (14). Later, however, it was noted that the spongy mass 
is obtained in cases favorable for the formation of oxide. Mylius and 
Fromm (9) noticed the appearance of a spongy layer at the surface of a 
solution, where the air can exert its oxidizing effect, while inside a crystal- 
line deposit is formed. It was also noted that the addition of hydrogen 
peroxide, oxygen-containing turpentine, or other oxidizing agents to the 
electrolyte favors sponge formation. Foerster and Gunther (2) and Seb- 
bom (13) point out the influence of hydroxide ions on the formation of 
sponge, connecting this with formation of zinc hydroxide. 

Although black pulverized metals are deposited at very high current 
densities and sponge formation occurs, mainly, at low densities, both phe- 
nomena are accompanied by the formation of oxides at the cathode. This 
was also well established with copper. Foerster and Seidel (3) and Kisti- 
akovsky, Bymakov, and Krotov (6) show the presence of cuprous oxide 
in the deposits obtained at high as well as at very low densities. Some 
medium densities favor the deposition of pure metal. 

Sponge formation was studied with zinc and cadmium. The electrodes 
consisted of the metal under investigation; the anode had the form of a 
rod, the cathode of a rectangular 3 cm. plate. The electrolyte was a solu- 
tion of the sulfate. In the case of cadmium 0.01 per cent gelatin and 0.1 
per cent H acid were added to the solution to avoid dendrite formation. 
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The zinc sulfate solution used was without additions. The experiments 
were carried out at room temperature. 

The electrolysis of cadmium sulfate was carried out at current densities of 
0.01 amp. per square centimeter. The electrolyte solution contained 10 per 
cent cadmium sulfate. The metal deposited at first in a compact smooth 
layer all over the surface of the cathode. Soon, however, a narrow strip 
of a gray spongy mass was clearly visible on the cathode at the very surface 
of the electrolyte solution. As time went on this mass spread downwards, 
gradually covering a larger and larger area of the cathode. 

After an interval of about seven hours the sponge occupied about a 
quarter of the surface of the electrode. Towards the end of the experi- 
ment, which lasted about fifteen hours, the sponge covered considerably 
more than half the surface. The electrode was thoroughly washed and 
samples of the spongy and of the compact deposits were taken for the 
rontgenographical study. Experiments carried out under similar condi- 
tions, but with various additions to the electrolyte solution, showed that 
acidification of the solution always retards the appearance of spongy de- 
posit. This deposition is also retarded by the addition of reducing sub- 
stances. Thus the addition to the solution of even a relatively small 
amount of formaldehyde (0.2 per cent CH 2 O) considerably retards the 
appearance, as w ell as the rate of growrth of the spongy mass over the elec- 
trode. A reduction in the current density, similar to the one described in 
the literature (4, 11) for zinc, increases the tendency of spongy deposit 
formation for cadmium. 

The electrolysis of zinc sulfate was carried out under similar conditions 
at a current density of 0.02 amp. per square centimeter. At this current 
density a sufficiently thick layer of solid zinc w as obtained alongside with 
the spongy deposit. 

The results of the x-ray study show' that both spongy deposits — zinc and 
cadmium — contain oxides. The zinc deposit contains zinc oxide, and the 
cadmium, presumably Cd20. The additional rings on the last rontgeno- 
gram are identical with those which were found by us in the cadmium 
deposit obtained at high current densities. Although both spongy deposits 
contain oxides, the solid layers of zinc and cadmium consist of the pure 
metals. 

The oxidation could be considered as due mainly to the anion of the 
salt, although other factors are not excluded. The fact that the sponge 
appears at first at the surface of the solution shows that oxidation is also 
effected by atmospheric oxygen. This contradicts the view^ that the 
appearance of oxides on the cathode is due to the hydrolysis of the salts. 
The conditions for hydrolysis are the same at the surface of the solution 
as within it. Neither does the hydrolytic interpretation of the presence of 
oxides explain the effect of hydrogen peroxide, oxygen-containing turpen- 
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tine, and other oxidizing agents in favoring the sponge formation, nor does 
it explain the effect of reducing substances (CH 2 O) in greatly retarding the 
process. It is also not clear why in the spongy deposits as well as in'" the 
black deposits obtained at high current densities only oxides are found, but 
not even traces of hydroxides, while the latter should undoubtedly be pres- 
ent if the process were accompanied by hydrolysis. All these isolated 
facts are completely explained by assuming that the process at the cathode 
consists of two opposite tendencies, reducing and oxidizing. The factors 
strengthening the latter tendency favor the formation of porous black and 
spongy deposits. The strengthening of the reducing tendencies, on the 
contrary, hinders this process. An increase in the concentration of hydro- 
gen ions of the electrolyte, causing an increase in the amount of hydrogen 
liberated during electrolysis, should diminish the tendency to sponge forma- 
tion. An increase in the current density has a similar effect. However, a 
great increase in the density augmenting the reducing processes causes at 
the same time a great increase in the state of dispersion of the deposited 
metal. Under certain conditions a point might be reached when the metal 
will deposit in a state of very high dispersion. This increases its oxidation 
capacities to such a degree that conditions favorable for oxide formation 
are again created and a porous structure again appears, which causes the 
formation of black powder-like deposits. 

SUMMARY 

An x-ray study of the powder-like cathodal deposits of copper, zinc, 
cadmium, and silver formed from aqueous solutions of various salts by 
the electrolysis at high current densities was carried out, and the formation 
of spongy deposits during the electrolysis of solutions of cadmium and zinc 
sulfate was investigated. 

1. The powder-like deposits are dispersed and contain oxides, which are 
formed as a result of secondary oxidation processes at the cathode. 

2. The approximate oxide content of the deposits, determined by a 
comparison of the intensity of the diffraction rings, depends mainly upon 
the oxidizing capacities of the anion of the salt. 

3. The oxide content depends also upon the readiness of the deposited 
metal to become oxidized, i.e., upon its position in the electromotive series. 

4. Some metals and their oxides — (topper, cadmium, cuprous oxide, and 
zinc oxide — which enter into the composition of the deposits have greatly 
enlarged parameters of the crystal gratings, evidently due to the absorp- 
tion of hydrogen. Zinc and silver have normal parameters. 

5. The appearance of a porous structure at very low and at too high 
current densities is explained. 
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The induced precipitation of zinc sulfide by cupric sulfide has been 
investigated by Kolthoff and Pearson (6). These authors pointed out 
that the phenomenon is not a case of coprecipitation, but one of postpre- 
cipitation. In the present study it is shown that mercuric sulfide has a 
much greater promoting effect on the postprecipitation of zinc sulfide than 
has copper sulfide. The results are not only of quantitative but also of 
qualitative significance. It will be shown that all or most of the zinc may 
be found in the precipitate of the second group when mercury is present, 
the acidity not too high, and filtration made not too quickly after passage 
of hydrogen sulfide. In addition, the mechanism of the promoted precipi- 
tation of zinc sulfide by mercuric sulfide has been studied more in detail 
and investigated as a function of the age and treatment of the mercuric 
sulfide. For a great number of details and experimental results the reader 
is referred to the thesis of the junior author (see footnote 1). A review 
of the entire subject has been published recently (5). 

MATERIALS USED 

All materials used were recrystallized from c.p. quality reagents and 
tested for purity. 

When working with mercuric chloride in the presence of hydrochloric 
acid a white precipitate of 2HgS-HgCl2 was first formed on passage of 
hydrogen sulfide, being transformed to black mercuric sulfide with more 
hydrogen sulfide. In order to exclude the formation of this intermediary 
compound, experiments were also made with solutions of mercuric per- 
chlorate instead of mercuric chloride in sulfuric acid medium. 

The hydrogen sulfide was prepared in an ordinary Kipp generator from 
commercial stick iron sulfide and commercial hydrochloric acid. The iron 
sulfide contains a considerable amount of free iron, which leads to a dilution 
of evolved hydrogen sulfide with hydrogen. It was found that the varia- 

' From the experimental part of a thesis submitted by Romund Moltzau to the 
Graduate School of the University of Minnesota in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy, June, 1935. 
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tion in partial pressure of the hydrogen sulfide with the strength of the 
acid present in the generator and the varying composition of the iron sul- 
fide were responsible to a great extent for the difficulty experienced in 
obtaining reproducible results in the postprecipitation of zinc sulfide. Poor 
reproducibility has been noted by many workers in this field (1, 3, 6). 
The gas from the generator was first passed through a solution of sodium 
bicarbonate and then through water before entering the precipitation 
flasks. 


PROCEDURE 

Method of predpitaiion with hydrogen sulfide 

The precipitations were carried out in 250-ml. Erlenmeycr flasks of 
Pyrex glass. The washed gas was led into the precipitation flasks through 
flexible connections allowing mechanical shaking of the solutions during 
continued passage of hydrogen sulfide. The electrically operated shaker 
employed provided a decided movement of the solutions without splashing 
onto the stoppers by imparting a rotary motion in the horizontal plane. 
Care was taken to realize as far as possible a uniform flow of gas in com- 
parable experiments. Unless otherwise stipulated the following general 
procedure was observed. Before precipitation the air was expelled from 
the system by rapid passage of hydrogen sulfide for a period of two minutes. 
The gas was then bubbled through the solutions for a few minutes (usually 
three) accompanied by gentle shaking by hand. Thereafter continuous 
passage of gas was maintained over the solutions during the subsequent 
period of mechanical shaking. 

Method of analysis 

In general the following method of analysis was employed. The con- 
tents of the precipitation flasks were filtered and the precipitates imme- 
diately washed four times with cold water. The filtrates containing the 
washings were then boiled until free of hydrogen sulfide and, in case only 
small amounts of zinc were present, were evaporated to appropriate vol- 
umes. The solutions after cooling were titrated with 1/40 M potassium 
ferrocyanide solution, using diphenylamine as an internal oxidation-reduc- 
tion indicator in the presence of a small amount of potassium ferricyanide. 
The method followed was that recommended by Kolthoff and Pearson (7). 

In cases where large amounts of hydrochloric acid were present in the 
filtrate, most or all of it was removed by evaporation and the residue, if 
heated to dryness, was taken up in 10 ml. of 4 JV sulfuric acid and diluted 
to an appropriate volume. In many cases the precipitates were extracted 
with hot or cold 3 N hydrochloric acid, in which instances the above proce- 
dure was followed before titration of the extracted zinc. Owing to the 
great resistance offered by the zinc in the precipitate to pass wholly into 
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solution the precipitates were often refluxed with hydrochloric acid (3 N 
or more concentrated). This treatment resulted in a considerable amount 
of mercury passing into solution which, if not removed, interfered with the 
analysis. In such cases the extraction solutions were resaturated with 
hydrogen sulfide and filtered if a filterable precipitate was obtained. It 
should, therefore, be understood that the analyses of the filtrates are 
accurate and the analyses of the extracts of the precipitates are less accurate, 
though the error due to the presence of any mercuric ion which may have 
been left in solution is probably in no case greater than 2 per cent. 

Filterahility of the precipitates 

The nature* of the mixed precipitates obtained by passing hydrogen 
sulfide through a solution containing both mercuric and zinc salts at an 
acidity allowing the precipitation of some zinc differs widely from that of 
pure mercuric sulfide. The mixed precipitate is slimy and more gelatinous 
and is much slower to filter though its color, even if it contains a large 
percentage of zinc, appears quite as black as that of pure mercuric sulfide. 
Upon aging, the mixed precipitates, as well as pure mercuric sulfide, are 
filtered more readily than in the fresh state. 

EXPERIMENTAL RESULTS 
Postprecipitation and no coprecipitation of zinc 

Effect of acidity. In the first place it was shown that the zinc is not 
coprecipitated with mercuric sulfide. Mixtures of mercuric chloride and 
zinc sulfate in varying concentrations of hydrochloric acid and mixtures 
of mercuric perchlorate and zinc sulfate in dilute sulfuric acid were treated 
with hydrogen sulfide in such a way that a small part of the mercury re- 
mained in the solution. Upon analysis of the filtrates all of the zinc origi- 
nally added was recovered, thus showing that zinc is not coprecipitated 
with mercuric sulfide. 

The results in table 1, which are substantiated by a great number of 
experiments at other acidities and times of shaking, show conclusively that 
we are dealing with a postprecipitation of zinc sulfide on the surface of 
mercuric sulfide. 

The increase of the postprecipitation with time as a function of the con- 
centration of sulfuric acid in the precipitation medium is given in figure 1. 
The ordinate gives the percentage of zinc precipitated, the abscissa the 
time of shaking in hours before filtration* The results reproduced in figure 
2 are of analytical significance. Curve 1 gives the amount of zinc precipi- 
tated expressed in per cent when the mercuric sulfide is precipitated in 
various concentrations of hydrochloric acid and filtration made as quickly 
as possible. Curve 2 represents the percentage of zinc precipitated at 
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different sulfuric acid concentrations with filtration after one hour of shak- 
ing under continuous passage of hydrogen sulfide. For the composition 
of the solutions see the heading of table 1. 

In all cases in which the precipitation was carried out from sulfuric acid 
medium the experiments have been repeated with mercuric perchlorate 
instead of mercuric chloride. Although in the latter case no intermediate 
white precipitate is formed, no significant differences were found, although 

TABLE 1 

Postprecipitation of zinc sulfide with mercuric sulfide 


25 ml. of 0.05 M HgCl 2 , 25 ml. of 0.05 M ZnS 04 , and acid as noted below. 
Temperature, 25® C. 


EXPBBIMBNT 

NO. 

TIMS BHAXION 

KIND OF ACID 

ACIDlTy fiBPOKB 
PRECIPITATION 

ZINC PRBCtPlTATBO 


minuteH 


N 

per eeTit 

1 (Blank)* 

0 

HjSO. 

0.30 

0 

2 

0 

H2SO4 

0.30 

65 

3 

30 

H2SO4 

0.30 

95 

4 (Blank)* 

30 

H2SO4 

0.30 

0 

5 

0 

H2SO4 

0.80 

13 

6 

30 

H2SO4 

0.80 

68 

7 

0 

H2SO4 

1.05 

15 

8 

30 

H2SO4 

1 0 

47 

9 

30 

H2SO4 

2.0 

8.0 

10 

60 

H2SO4 

2.0 

8.6 

11 

60 

H2SO4 

4 0 

0 

12 (Blank)* 

30 

HCl 

0.30 

0 

13 

0 

HCl 

0.30 

60 

14 

30 

HCl 

0.30 

85 

15 

0 

HCl 

0.80 

10.5 

16 

30 

HCl 

0.80 

22 

17 

120 

HCl 

0.80 

28 

18 

0 

HCl 

1 0 

6.8 

19 

30 

HCl 

1 0 

13 

20 

0 

HCl 

1.5 

1.6 

21 

30 

HCl 

1.5 

2.8 

22 

0 

HCl 

1 75 

0 5 

23 

60 

HCl 

2 0 

0 


* The blanks contained 25 ml. of water in place of 25 ml. of 0.05 M HgCU. 


under all conditions slightly more zinc was postprecipitated by mercuric 
sulfide obtained from the perchlorate. The difference may be attributed 
to a difference in particle size of the mercuric sulfide obtained by precipita- 
tion of the chloride and perchlorate respectively. 

Figure 3 gives the percentage of zinc postprecipitated from a medium 2 
N in sulfuric acid after long periods of standing under an atmosphere of 
hydrogen sulfide at room temperature. The original mixture contained 
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25 ml. of 0.05 M mercuric chloride, 25 ml. of 0.05 M zinc sulfate, and 10 ml. 
of 12.0 N sulfuric acid, and was kept saturated with hydrogen sulfide by 
replenishing every twelve hours for the first four days by passage of hydro- 
gen sulfide above the solution for five minutes. Then^after the gas phase 
was replenished every two days. In the absence of mercuric sulfide no 
precipitate of zinc sulfide was formed after a month of standing under like 
conditions. 

The effect of varying the ratio of mercury to zinc at relatively low acidities 
is shown in table 2. In table 3 thi^ results are reported for a medium whi(^h 
was 2 N in sulfuric acid. 


Unity in the expression of ratio represents 1.25 millimoles of mercury 
and zinc, respectively (25 ml. of 0.05 M solution). 



Fig. 1 Fig. 2 


Fig. 1 . Time effect at various acidities. Acidity (sulfuric acid) before precipita- 
tion: curve 1, 0.35 N; curve 2, 0.77 N; curve 3, 1.31 N; curve 4, 2.0 N. 

Fig. 2, Effect of acidity 

In table 4 some results are given on the disappearance of zinc from a very 
dilute zinc solution at a high acidity after various times of standing with 
freshly precipitated mercuric sulfide. 

Effect of partial pressure of hydrogen sulfide upon the postprecipitation of 

zinc sulfide 

In the following experiments (see table 5) the hydrogen sulfide was 
diluted with carbon dioxide before entering the precipitation flasks. In 
the blanks a stream of pure hydrogen sulfide having the same rate of flow 
(about one bubble per second) as the stream of hydrogen sulfide uniting 
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with carbon dioxide in the experiments was used. It took three to five 
minutes to precipitate the mercury completely using the diluted gas; less 
time was needed using the slow stream of pure hydrogen sulfide. 

Effect of temperature 

Those experiments (see table 6) in which the temperature is described 
as ‘‘hot'' were heated over a burner until bubbles began to break the sur- 
face of the solution. They were then immediately attached to the source 
of hydrogen sulfide in parallel with a corresponding experiment run at 
room temperature. Hydrogen sulfide at room temperature was passed in 
above the solutions for one minute and bubbled through the solutions for 
three minutes in accordance with the usual method of precipitation. No 
further heat was applied after the initial heating and hence the flasks slowly 
cooled during the period of shaking, which was conducted under constant 



Fig. 3. Time effect at an acidity of 2.0 N in sulfuric acid 

passage of the gas. Blanks were run which contained 25 ml. of water in 
place of the mercuric solution. 

The “wall effect" mentioned in the “remarks" after experiment No. 6 is 
evidenced by a deposit of zinc sulfide on the walls of the flask. It is formed 
during the period of shaking. Avoidance of this effect is aided by the use 
of flasks which are well cleaned and free of scratches or rough surfaces. 

Similar experiments were made in 0.35 N sulfuric acid, giving results 
strictly concordant with those in table 6. 

Effect of aging of mercuric sulfide upon the promotion of precipitation of zinc 

sulfide 

A series of experiments was made in which the mercuric sulfide for each 
individual experiment was precipitated from 25 ml. of 0.05 M mercuric 
chloride at an acidity of 0.73 N hydrochloric acid. The precipitate was 
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TABLE 2 

The effect of varying the ratio of mercury to zinc at relatively low acidities 


Room temperature. The total volume of solution in each experiment was 
approximately 55 ml. 


EXPERIMBNT 

NO. 

ACIDITT BBFORB 
PRECIPITATION 

TIME SHAKEN 

RATIO 

Zn Hg 

ZINC IN 
FILTRATE IN 
PER CENT 

ZINC IN 
PRECIPITATE 
IN PER CENT 

1 (Blank)* 

0.35 iV (H 2 SO 4 ) 

0 


100 0 

0 

2 

0.35 A' (H 2 SO 4 ) 

0 

1:2 

49 6 

50 4 

3 

0 35 A (H 2 SO 4 ) 

0 

1:1 

57.6 

42 4 

4 

0.35 A (H 2 SO 4 ) 

0 

1:1/2 

60 4 

39.6 

5 

0 35 A (H 2 SO 4 ) 

10 mins. 

1:2 

8 3 

91.7 

6 

0 ZT) A (H 2 SO 4 ) 

10 mins. 

1:1 

10 7 

89 3 

7 

0 35 A (H 2 SO 4 ) 

10 mins. 

1:1/2 

15 9 

84 1 

8 

0 55 A (H 2 SO 4 ) 

1 hr. 

1:1/10 

27 8 

72 2 

9 

0 55 A (H 2 SO 4 ) 

1 hr. 

1:1/100 

81 8 

18 2 

10 

0 55 A (H 2 SO 4 ) 

1 hr. 

1:1/750 

96 0 

4 0 

11 

0 20 A (H 2 SO 4 ) 

1 hr. 

1:1/10 

0 0 

100.0 

12 

0 20 A (H 2 SO 4 ) 

1 hr. 

1:1/100 

21 0 

79 0 

13 

0 20 A (H 2 SO 4 ) 

1 hr. 

1:1/750 

54 6 

45 4 

14 (Blank)* 

0 20 A (H 2 SO 4 ) 

1 hr. 


98 0 

2.0 


* The blanks contained no mercury salt. 


TABLE 3 

Effect of ratio at high acidity N in sulfuric acid) 


Room temperature. The total volume of solution in each experiment was 60 ml. 


1 

EXPERIMENT 

NO. 1 

TIME SHAKEN 

RATIO 

Zn.Hg 

ZINC IN FILTRATE 

IN PER CENT 

ZINC IN PRSaPI- 
TATE IN PER CENT 

1 

2 hrs. 

1:4 

74 6 

25 4 

2 

2 hrs. 

1:2 

81 9 

18.1 

3 ! 

2 hrs. 

1:1 1 

90 9 

9 1 

4 

2 hrs. 

2:1 

86 8 

13 2 

5 

2 hrs. 

1/5:1 

92.7 

7.3 

6 

1 hr. 

1:4 

80.5 

19 5 

7 

1 hr. 

1:2 

86.7 

13.3 

8 

1 hr. 

1:1 

93 2 

6 8 

9 

1 hr. 

1:1/2 

95 5 

4.5 

10 

1 hr. 

2:1 

87 4 

12 6 

11 

1 hr. 

1/2:1 

90 5 

9 5 

12 

1 hr. 

1/5:1 

95 7 

4.3 

13 

1 hr. 

2/5:2 

89 5 

10.5 

14 

30 mins. 

2/5:2 

93 5 

6 5 

15 

30 mins.; stood 
stoppered 4 
days 

2/5:2 

81 7 

18.3 
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allowed to age in this medium saturated with hydrogen sulfide. After the 
time indicated in the table as “time of aging'^ 25 ml. of 0.05 M zinc sulfate 
solution was added and immediately thereafter hydrogen sulfide was passed 
over the solution for one minute and bubbled through for two minutes. 
The contents of the precipitation flask were then shaken under continuous 

TABLE 4 

Time effect at an acidity of iS N in eulfuric add employing very dilute zinc solution 

Contents of flasks before precipitation: 25 ml. of 0.05 M HgCb) 25 ml. of 0.01 M 
ZnS 04 , 10 ml. of 12.0 N HjSOi (molarity ZnS 04 « 0.00417). Room temperature. 
Each experiment was shaken for one hour under continuous passage of hydrogen 
sulfide after the three-minute precipitation period and thereafter allowed to stand 
under an atmosphere of hydrogen sulfide for the period of time given in the 
table before filtration 


BXPBBXMSKT 

NO. 

TIMB OP STANDING 

7.INC IN FILTBATB 

IN PBR CBNT 

ZINC IN PBBCIPITATB 

IN PBB CENT 

1 

0 

90 0 

10.0 

2 

0 

90 8 

9 2 

3 

1 day 

1 89.0 

11 0 

4 

1 day 

89.4 

10 6 

5 

3 days 

90 1 

9.9 

6 

3 days 

90 7 

9 3 


TABLE 5 


Effect of the partial pressure of hydrogen sulfide 
25 ml. of 0.05 M HgCL, 25 ml. of 0.05 M ZnS 04 , and a volume of 4 iV H 1 SO 4 required to 
give the acidities indicated in the table. Room temperature 


BXPBBIMBNT 

NO. 

ACIDITY BBFOBB 
PBBCIPITATION 

COMPOSITION OF 
GAB BTBBAM 
APPBOXIMATB 
RATIO H»8 COa 

TIMB SHAKEN 

ZINC IN FILTRATE 
IN PBR CBNT 

1 

1 01 AT in HiSO. 

Pure H 2 S 

1 hr. 

62 7 

2 

1 .01 AT in HjSO. 

1:10 

1 hr. 

99.1 

3 

1 .01 N in H2S0« 

1:20 

1 hr. 

100 0 

4 

0.56 AA in HjSO. 

Pure H 2 S 

30 mins. 


5 

0.55 AT in HjSO. 

1:10 

30 mins. 

91.3 

6 

0.65 N in HjSO. 

1:20 

30 mins. 

97 8 

7 

0.30 AT in HjSO. 

Pure H 2 S 

30 mins. 

8.1 

8 

OSOATinH^O, 

1:10 

30 mins. 

87.8 

9 

0.30 AT in HjSO. 

1:20 

30 mins. 

96 5 


passage of hydrogen sulfide for ten minutes, filtered, the precipitate washed 
four times with cold water, and the filtrates analyzed for zinc. Another 
series was also made in which the mercuric sulfide was precipitated from 
mercuric chloride solution without addition of acid. After the period of 
aging, acid and zinc sulfate solution were added in the order named and 
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the experiments further conducted as described above. The results are 
given in table 7. The acidities listed are uncorrected for acid set free by 
the reaction. 

Another set of experiments was carried out in which the mercuric sulfide 
was precipitated in 0.75 N hydrochloric acid at the boiling temperature. 
No further heating took place after precipitation, and the precipitate and 
supernatant liquid were allowed to cool down to room temperature. Zinc 
solution was added after various time intervals. The results obtained 

TABLE 6 

Effect of temperature 

25 ml. of 0.05 M llgCb, 25 rnl. of 0.05 M ZnS04, and 8 ml. of 3.95 N H2SO4. Acidity 
before precipitation was 0.55 N in H2SO4 


SXPCRIMBNT 

NO. 

TIME 

SHAKEN 

tempera- 
ture OF 
PRECIPITA- 
TION 

ZINC in 

FILTRATE 

REMARKS 

1 

minutes 

0 

•c. 

Hot 

per cent 

85 7 

The white precipitate (2HgS HgCl2) 

2 

0 

27 

72 3 

persisted for one minute before be- 
coming black 

No white precipitate w'as observed 

3 

0 

Hot 

79 6 

White precipitate persisted for 30 

4 

0 

j 

27 

57.6 

seconds. HjS passage more rapid 
in experiments 3 and 4 tlian in 1 
and 2 

No w^hite precipitate w^as observed 

5 

10 

Hot 

36 4 


6 (Blank); 

30 

Hot 

99 5 

No Hg present. Some wall effect, 

7 

10 

Hot 

! 

38 3 

but the solution w'as entirely clear 
at the end of the period of shaking 

8 

10 

27 

37 8 


9 

20 

Hot 

22 4 


10 

20 

27 

21 1 


11 

20 

Hot 

19.5 


12 

20 

27 

20 4 



were practically identical with those in the first part of table 7, showing 
that the temperature at which the mercuric sulfide is precipitated from 
hydrochloric acid medium has no appreciable effect upon its ability to 
promote the precipitation of zinc sulfide. However, if the mercuric sulfide 
is allowed to age at higher temperatures for longer times its promoting 
effect upon the precipitation of zinc sulfide decreases more rapidly than 
when aged at room temperatures. Precipitates of mercuric sulfide ob- 
tained from mercuric perchlorate behaved qualitatively in the same way 
as those from mercuric chloride. 
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A great number of experiments were carried out in which the mercuric 
sulfide was precipitated and aged in 3.5 N sulfuric acid before the addition 
of zinc solution, the final acidity being 2 N. Under these conditions a 
short time of aging had relatively a much greater effect upon the speed of 
disappearance of zinc from the solution than when precipitation was con- 
ducted at lower acidities. This may be seen from the following example: 

Age of HgS (minutes) 0.5 2 5 10 60 120 

Zinc in precipitate in per cent 9 7 5.5 4 5 2.4 2.0 

The difference between these results and those in table 7 are attributed to 
the fact that in strongly acid medium little, if any, precipitation but only 
adsorption of zinc sulfide takes place during relatively short times of con- 
tact. At lower acidities a primary adsorption takes place with an addi- 
tional precipitation of zinc sulfide. The latter, once formed, promotes its 
own precipitation. 

TABLE 7 


Effect of aging of mercuric sulfide at room temperature upon precipitation 


HgS AQSD IN 0.73 N HCl 

HgS AGED IN NEUTRAL MBDITTlf 

Experi- 

ment 

No. 

Acidity after 
addition of zinc 
aolution 

Time 
of aging of 
HgS 

Zinc in 
the pre- 
cipitate 
in per 
cent 

Acidity after addition 
of zinc solution 

Time of 
aging of 
HgS 

Zinc in 
the pre- 
cipitate 
in per 
cent 

1 

0.42 N in HCl 

0 

38 

0 42 AT in HCl 

0 

29 

2 

0.42 JV in HCl 

20 mins. 

33 




3 

0.42 AT in HCl 

30 mins. 

32 




4 

0.42 AT in HCl 

1 day 

20 

0 42 AT in HCl 

1 day 

10 

5 

0.42 N in HCl 

4 days 

18 

0 42 AT in HCl 

4 days 

5 

6 




0 86 AT in H,S 04 

0 

21 

7 




0 86 AT in H 2 SO 4 

1 day 

11 


Extractabiliiy of the zinc from the mixed precipitate 

By an extraction with 3 N hydrochloric acid at room temperature it was 
found impossible to remove all the zinc from the mixed precipitate. By 
refluxing the precipitate with 3 N hydrochloric acid complete extraction 
of the zinc was possible. However, with such drastic treatment relatively 
large amounts of mercuric sulfide go into solution as well and a subsequent 
separation is necessary before the zinc can be determined. Complete 
extraction of the zinc was made with less difficulty when the mercuric sul- 
fide was allowed to age before it exerted its promoting effect upon the 
precipitation of zinc sulfide. An explanation of this behavior is given in 
the discussion of the results. 

As an illustration a few data are reported in table 8. A great number 
of other examples of cold and hot extractions are reported in the thesis of 
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R. Moltzau (see footnote 1), In the following experiments the mercuric 
sulfide precipitated from neutral solution (25 ml. of 0.05 M mercuric 
chloride) was aged under the supernatant liquid saturated with hydrogen 
sulfide in tightly stoppered Erlenmeyer flasks. The gas in the flasks was 
replenished with hydrogen sulfide every two days of the period of aging. 
Experiments were run in pairs, one member of each pair containing the 
aged precipitate and the other a freshly precipitated product. After 
addition of the proper amount of acid and 25 ml. of 0.05 M zinc sulfate 


TABLE 8 

Extraciabilily of zinc with hot S N hydrochloric acid 


BXPBRl- 

mbnt no. 

A( IMTY 
(H,804) 

TIME 

SHAKEN 

AQB OF 

HgS 

i 

ZINC in 

PILTRATB 

1 

100 PER 

CENT — 
ZINC IN 
FILTRATE 
» ZINC 

IN PPT. 

METHOD 

OF 

EXTRAC- 

TION 

1 

ZINC ex- 
tracted 

TOTAL 
ZINC RE- 
COVERED 


N 



per cent 

1 

per cent 


per cent 

per cent 

Blank 









1 

0 50 

1 hr. 

No HgS 

100 0 

0 




2 

0 50 

1 hr. 

3 weeks 

91 5 

8 5 

a 

8.5 

100.0 

3 

0 50 

1 hr. 

Fresh 

15 6 

84 4 

a 

81 4 

97.0 

4 

0 66 1 

45 mins. 

2 weeks 

97 6 

2 4 

b 

2 0 i 

99.6 

5 

0 66 

45 mins. 

Fresh 

85 9 

14 1 

b 

11 2 i 

97.1 

6 

0 66 

45 mins. 

2 weeks 

97 0 

3 0 

d 

2 5 

99 5 

7 

1.0 

45 mins. 

2 weeks 

99 3 

0 7 

c 

0 42 

99 7 

8 i 

1 0 

45 mins. 

Fresh 

91 9 

8 1 

c 

4 7 

96 6 

9 

1 0 

2 hrs. 

3 weeks 

87 8 

12 2 

d 

12 2 

100 0 

10 

1 0 

2 hrs. 

Fresh 

46 0 

54 0 

d 

52 6 

98 6 


Method a. The precipitate was placed in a beaker with 25 ml. of hot 3 N hydro- 
chloric acid. This mixture stood with occasional stirring for fifteen minutes, was 
filtered and the residue washed three times with cold 3 N hydrochloric acid and four 
times with cold water. 

Method h. Same as method a except that the acid and the precipitate were in 
contact for twenty minutes rather than for fifteen minutes. 

Method c. Same as methods a and b, except that period of contact was ten min- 
utes. 

Method d. The precipitate on the filter was washed ten times (5-ml. portions) 
with hot 3 N hydrochloric acid and four times with cold water. 

solution, hydrogen sulfide was again bubbled through the solution for two 
minutes, and thereafter the contents of the flasks were shaken under con- 
tinuous passage of hydrogen sulfide for the time noted. The acidity given 
is that of the solution after addition of the zinc solution uncorrected for 
acid liberated by the reaction. 

Inhibition of postprecipitation of zinc sulfide 

(a) By replacing adsorbed hydrogen sulfide. It was shown by Kolthoff 
and Pearson (6) that organic substances containing polar sulfur groups 
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can replace part of the adsorbed hydrogen sulfide from the surface of cupric 
sulfide, thus causing an inhibition of the postprecipitation of zinc sulfide. 
Similar experiments were carried out in the present study with thiourea 
and cystine as inhibitors. In both cases it was found that the organic sub- 
stance added retarded the postprecipitation of zinc sulfide with mercuric 
sulfide. 

Experiments have also been performed in which the precipitation of mer- 
curic sulfide was carried out in the presence of a layer of an immiscible 
liquid such as ether or carbon disulfide. In general a pronounced retard- 
ing effect upon the postprecipitation of zinc sulfide was found. This may 
be explained partly by the fact that the mercuric sulfide is more or less 
isolated from the aqueous solution by the second layer of organic liquid. 

(6) By replacing adsorbed zinc ions. Before precipitation of zinc sulfide 
on the surface of mercuric vsulfide occurs, an adsorption of zinc ions with 
the sulfide ions takes place. Ions competing with the zinc ions for adsorp- 
tion with the sulfide ions will inhibit the postprecipitation of zinc sulfide. 

In the first place it was shown that zinc ions are adsorbed by mercuric 
sulfide containing some adsorbed hydrogen sulfide. 

HgS 2H+ + Zn++ HgS S~“ Zn ++ + 2H+ 

A fresh precipitate of mercuric sulfide from 25 ml. of 0.05 M mercuric 
chloride solution was w^ashed with cold water until the test for sulfide and 
chloride in the filtrate was very faint. The precipitate was then shaken 
with 25 ml. of 0.005 M zinc sulfate and the amount of hydrogen ions liber- 
ated and zinc adsorbed w^as determined by titrating the filtrate with sodium 
hydroxide to the methyl red end point and then w ith ferrocyanide to deter- 
mine the zinc content. In all cases the amount of acid liberated w as found 
equivalent to the amount of zinc adsorbed. 

Milliequivalents of acid liberated 0.029 0 025 0 022 0 016 

Millie quivalenta of zinc adsorbed 0.0285 0 0245 0 0220 0.0158 

The results show conclusively that the adsorption of zinc ions is to be 
attributed to an exchange with hydrogen ions on the surface of the mercuric 
sulfide. 

It was further shown that strychnine ions give a similar exchange. The 
strychnine was determined gravimetrically by the ferrocyanide method as 
recommended by Kolthoff and Lingane (4). Working with a washed 
mercuric sulfide precipitate, a complete exchange between the adsorbed 
hydrogen ions and strychnine ions was found in a solution which was 0.006 
M in strychnine sulfate. It is suggested that a strychnine salt may be 
used in the determination of the amount of hydrogen sulfide adsorbed by a 
metal sulfide precipitate. In stronger acid medium it will be harder to 
replace the hydrogen ions by zinc or strychnine ions, since the effect depends 
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upon a competition between hydrogen ions and the other ions to be 
adsorbed. 

In weakly and strongly acid medium strychnine inhibits the post- 
precipitation of zinc sulfide by mercuric sulfide. A few examples of the 
effect in 1.4 sulfuric acid are given in table 9. The air was expelled 
from above the solution by a two-minute passage of hydrogen sulfide fol- 
lowed by a three-minute period during which the gas was bubbled through 
the contents of the precipitation flask. Thereafter the mixture was shaken 
under continuous passage of hydrogen sulfide over the solution for thirty 
minutes. Filtration and w^ashing were conducted as usual and the filtrates 
analyzed for zinc content after destroying the strychnine with bromine. 

In very weakly acid medium, where the only hydrogen sulfide present 
was that adsorbed on the mercuric sulfide, aluminum ions were found to 
exert a slight replacing effect upon the adsorption of zinc ions. In more 
strongly acid medium, however, the aluminum did not exert an inhibiting 
effect upon the postprecipitation of zinc sulfide. 

TABLE 9 

InhibiUon of posiprecipitaiion in the presence of strychnine 


25 ml. of 0.05 M HgCls, 10 ml. of 12.06 N 112804, 25 ml. of 0.025 M strychnine acid 
sulfate (or 25 ml. of 0.025 N H28O4 in blanks), and 25 ml. of 0.05 M ZnS04 


j 

rONUlTION 1 

7.IS( IN FILTRATE 

ZINC in 

PRBC’IPITATE 


1 i 

pfT cent 

per cent 

Strychnine present . . . 

93 7 

6 3 

Strychnine present. 

94 0 

6 0 

No strychnine present . . . 

84 5 

15 5 

No strychnine present 

83 2 

16 8 


DISCUSSION OF THE RESULTS 

1. From the analytical viewpoint it is of interest to mention that at 
acidities at 0.3 N sulfuric acid 65 per cent of the zinc was found in the 
mercuric sulfide precipitate w^hen filtration was made immediately after a 
three-minute period of precipitation. Upon waiting for thirty minutes 
only 5 per cent of the zinc originally present was recovered in the filtrate. 
Even when precipitated from 1 N sulfuric acid the mercuric sulfide contains 
about 15 per cent of the zinc present upon rapid filtration and about 8 per 
cent when precipitated from 1 N hydrochloric acid. In order to get a 
quantitative separation the precipitation should be made in a solution 4 
N with regard to sulfuric acid or 2 N with respect to hydrochloric acid. 
At the same acid concentration hydrochloric acid is more effective in re- 
tarding the precipitation of zinc sulfide than is sulfuric acid, since the 
activity of the hydrogen ions in the case of the former is much greater. 
The difference in behavior of hydrochloric and sulfuric acids is clearly 
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shown in figure 4. The ordinate represents the amount of zinc precipitated 
after shaking for thirty minutes under hydrogen sulfide (for conditions see 
table 1), whereas the abscissa indicates the normality of the acid. 

2. The results in table 6 show that the extent of postprecipitation is 
decreased materially when the hydrogen sulfide pressure is diminished. 
Whereas 37 per cent of the zinc was postprecipitated at an acidity of 1 iV' 
in sulfuric acid after a one-hour period of shaking, only 0.9 per cent was 
postprecipitated when the gas was diluted ten times with carbon dioxide 
and no zinc was found in the precipitate with a twent 3 dold dilution (experi- 
ments 1 to 3, table 5). At lower acidities the differences are still more 
striking. These results are of analytical importance, since it should be 



Fig. 4, Effect of acidity: effect of hydrochloric acid versus that of sulfuric acid. 
Curve 1, hydrochloric acid medium; curve 2, sulfuric acid medium. 

possible to obtain satisfactory separations in those cases in which precipi- 
tation with hydrogen sulfide under normal pressure gives serious errors as 
a result of postprecipitation. The effect of the partial pressure of the gas 
also explains why results obtained in these postprecipitation studies fre- 
quently are irreproducible if the ratio of hydrogen sulfide to hydrogen in 
the gas produced in the generator varies. Moser and Behr (8) found that 
increased gas pressure promotes the speed and completeness of precipitation 
of zinc and other sulfides and made an analytical application thereof. 

3. The results in table 2 show that at relatively low acidities very small 
amounts of mercuric sulfide cause the precipitation of appreciable quanti- 
ties of zinc sulfide (see experiments 11 and 15), the amount of zinc precipi- 
tated being far greater than corresponds to the formation of mixed sulfides 
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in the sense of Feigl (2). Evidently there is no one-to-one proportionality 
between the extent to which zinc sulfide is carried down and the amount of 
mercuric sulfide present. The primary reaction taking place is an adsorp- 
tion of zinc sulfide on the surface of mercuric sulfide. The zinc sulfide 
thus formed exerts a self-promoting action on its own precipitation (3). A 
similar effect may be attributed to the mercuric sulfide, since it is isomor- 
phous with zinc sulfide. Wlien precipitation takes place at a high acidity 
(2 N in sulfuric acid) at a given concentration of zinc salt the amount of 
zinc found in the precipitate approximates, over a limited range, a one-to- 
one proportionality with the amount of mercuric sulfide present. From 
the results in table 3 it may be concluded that at high acidities during the 
first two hours we arc dealing primarily with an adsorption of zinc sulfide 
on the surface of mercuric sulfide, and that postprecipitation is of secondary 
importance for relatively short periods of time after precipitation of the 
mercuric sulfide. Upon longer times of standing a slow postprecipitation 
of zinc sulfide occurs. In this way the shape of the curve in figure 3 is 
easily explained. The initial rapid rise in the curve is attributed to an ad- 
sorjition of zinc sulfide, which is followed by a slow postprecipitation of zinc 
sulfide represented by the flatter portion of the curve. The interpretation 
is substantiated by the results of table 4. In these experiments the zinc 
sulfate concentration was five times smaller than in those reported in table 
3. Comparison of experiments 1 and 2 of table 4 with G and 7 of table 3 
shows that the same percentage of zinc present in the solution was adsorbed 
by the mercuric sulfide, although in the latter case the total zinc concen- 
tration was five times greater than in the former. There is a competition 
between the zinc and hydrogen ions for adsorption on the surface of the 

mercuric sulfide. At a given hydrogen-ion concentration the ratio 

adsorbed is constant. Thus when the zinc concentration is decreased five 
times the percentage of zinc adsorbed from the solution remains unchanged. 
Whereas in the experiments reported in table 3 a slow postprecipitation of 
zinc sulfide w^as found upon longer times of standing, no indication of a 
precipitation of zinc sulfide was found at a fivefold smaller concentration 
of zinc salt in the solution after three days of standing at an acidity of 2 
N sulfuric acid. At this high acidity and low zinc concentration the solu- 
tion is no longer supersaturated wdth regard to zinc sulfide, and no post- 
precipitation can take place. In this way it is possible to interpret the 
entire mechanism of the adsorption and postprecipitation of zinc sulfide 
by mercuric sulfide. 

4. One of the most striking and interesting results of this study is that a 
postprecipitation of zinc sulfide was found in a medium which was 2 N 
sulfuric acid (table 3 and also figure 3). If an excess of freshly precipitated 
zinc sulfide was added to a solution of zinc sulfate in 2 W sulfuric acid of 
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the same composition as the supernatant liquid in the postprecipitation 
studies after the precipitation of the mercury and saturation with hydrogen 
sulfide, it was found that part of the zinc sulfide went into solution. In 
spite of this fact a slow precipitation of zinc sulfide occurs from the same 
medium when mercuric sulfide is present as the solid body. The apparent 
contradiction to the mass action law is explained by the fact that the 
solubility of zinc sulfide depends greatly upon the manner of its preparation 
and its age. The effect of aging of zinc sulfide upon its solubility is clearly 
demonstrated by the experiments reported in table 10. 

TABLE 10 


Decrease of solubility of zinc sulfide upon aging 


BXPSRI* 
MBNT NO. 

RBAOBNTS 

H 2 SO 4 

CONCRN- 
TRATION 
IN PINAL 
MIXTURS 

(normal- 

ity) 

TIME 

SHAKEN 

1 

Zn 

ORIGI- 
NALLY IN 
SOLUTION 
(molar- 
ity) 

PINAL Zn 
IN 

SOLUTION 

(molar- 

ity) 

Blank 

1 

25 ml. of 0.05 M ZnSO«, 25 ml. of 2.0 
N H,SO« 

10 

2 hrs. 

0 0250 

0 0250 

2 

Same as No. 1 plus solid ZnS (fresh); 

l.O 

2 hrs. 

0 0250 

0 0223 

3 

25 ml. of 0.05 M HgClj, 25 ml. of 0.05 
M ZnSOi, 10 ml. of 12.0 N H^O. 

2 0 

2 hrs. 

0 0208 

0 0189 

4 

Same as No. 3 and No. 4 plus excess 
solid ZnS (fresh) 

2 0 

2 hrs. 

0.0208 

0 0358 

5 

60 ml. of 2.0 N H 2 SO 4 saturated with 
HjS. Excess solid ZnS (fresh) 

2 0 

6 hrs. 

0 

o.o:i54 

6 

60 ml. of 2.0 N HjS 04 saturated with 
HsS plus large excess ZnS (aged) 

2.0 

3 hrs. 

0 

0 0049 

7 

As 6. Small excess ZnS (aged) 

i 2 0 

1 5 hrs. 

0 

0.0050 

8 

25 ml. of 0.05 M ZnS 04 , 25 ml. of 
water, 10 ml. of 12.0 N H 2 SO 4 , ex- 
cess solid ZnS (aged) 

2 0 

Stood 1 
month 

0 0208 

0 0052 

Blank 

0 

25 ml. of 0.05 M ZnS 04 , 25 ml. of 
water, 10 ml. of 12.0 N H 2 SO 4 

2 0 

Stood 1 
month 

0 0208 

0 0208 


The solid zinc sulfide designated as the fresh product was prepared by 
precipitation from a 0.1 ilf solution of zinc sulfate by the action of hydrogen 
sulfide. The acidity before precipitation was 0.08 JV in sulfuric acid. After 
a fifteen-minute period of precipitation the sulfide was filtered off, washed 
several times with water and added in a moist condition to the contents of 
the precipitation flasks. The aged product employed was formed from a 
solution of zinc sulfate having an acidity before precipitation of 0.2 N in 
sulfuric acid. The precipitate was allowed to age in the mother liquor 
saturated with hydrogen sulfide for one month before use. As in the case 
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of the fresh product the aged precipitate was added to the contents of the 
precipitation flasks in a moist condition. The work was conducted at 
room temperature. The acidity given is, as usual, uncorrected for acid 
liberated or used up by the reaction taking place. The procedure followed 
consisted of bubbling hydrogen sulfide through the mixture of solutions 
indicated for a period of three minutes after expulsion of air. Thereafter 
the contents of the flasks were shaken with continuous passage of hy- 
drogen sulfide over the solutions for the time indicated in the table. In 
experiments 8 and 9 the solutions were kept saturated with hydrogen 
sulfide by frequent replenishments of the gas phase throughout the month 
of standing. In case solid zinc sulfide was added, addition was made 
after an interval of shaking suflSciently long (fifteen minutes) to in- 
sure thorough saturation of the solution with hydrogen sulfide. At the 
end of the period of shaking the contents of the flasks were filtered, the 
precipitates washed four times with cold water, and the filtrates analyzed 
for zinc in the usual manner. 

It appears from the table that the solutions employed (0.02 M with 
respect to zinc salt, 2.0 N in sulfuric acid, saturated with hydrogen sulfide), 
while undersaturated with respect to the very small and imperfectly crys- 
talline particles of freshly precipitated zinc sulfide, were supersaturated 
with respect to the aged product. The difference in solubility, in 2 AT 
sulfuric acid saturated with hydrogen sulfide, of the two products is very 
marked, being in the neighborhood of 0.005 M for the aged precipitate as 
compared to 0.035 M in the case of the fresh product. Had the de- 
crease in solubility with aging been due to only a partial change to a 
more insoluble form we should expect to find a greater solubility of zinc 
sulfide in those experiments where a large excess of the aged product was 
present than in those w^here only a small excess w^as present. Comparison 
of experiments No. 6 and No. 7, corroborated by duplicate experiments 
not shown in the table, shows that such is not the case. X-ray evidence 
gave no indication that the bulk of the precipitate changes crystal modi- 
fication on aging, but did show an increase in the perfection of its crystal- 
line state. The postprecipitation of zinc sulfide by mercuric sulfide in a 
medium of 2 N sulfuric acid is extremely slow . Apparently the zinc sulfide 
is precipitated in the aged, less soluble form. Even after a month of con- 
tact with mercuric sulfide equilibrium had not as yet been reached when 
the original zinc sulfate concentration in the mixture was 0.02 molar. If 
the original concentration of zinc salt was decreased to 0.004 molar no 
postprecipitation occurred even after long times of standing, since the 
solubility of well-aged zinc sulfide is greater than corresponds to this zinc 
concentration in 2 AT sulfuric acid saturated with hydrogen sulfide. 

5. The postprecipitation of zinc sulfide can be inhibited by making use 
of two different principles: (a) by the replacement of the adsorbed hydro- 
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gen sulfide on mercuric sulfide by an organic substance containing polar 
sulfur groups (a similar inhibiting effect was found by Kolthoff and Pear- 
son (6) in working with the system copper sulfide-zinc sulfide), and (b) 
by a replacement of the adsorbed zinc ions by other cations. It has been 
shown that strychnine ions are fairly effective in this respect at various 
acidities (table 9). Aluminum ions, on the other hand, have only a slight 
replacing effect upon the zinc ions and exert no inhibiting effect upon the 
postprecipitation of zinc sulfide. 

6. The promoting effect of mercuric sulfide upon the precipitation of zinc 
sulfide decreases when the mercuric sulfide is aged. Upon aging in the 
supernatant liquid an agglomeration of the particles occurs, resulting in a 
decrease of the surface and therefore, also, of the promoting effect upon the 
precipitation of zinc sulfide. In addition to a coarsening of the particles 
of mercuric sulfide, a transformation of the black, cubic form of metacinna- 
bar into the red, trigonal form of cinnabar occurs upon aging. The speed 
of transformation is fairly great at low acidities and decreases with increas- 
ing acidity of the supernatant liquid. This explains why mercuric sulfide 
aged in neutral medium exerts less promoting effect upon the postprecipi- 
tation of zinc sulfide than that aged in acid medium for the same length of 
time (table 7). The speed of transformation of the black into the red 
form is favored very strongly by an increase in temperature. For this 
reason aging of the mercuric sulfide at higher temperatures decreases its 
promoting effect on the postprecipitation of zinc sulfide much more than 
aging for the same length of time at room temperature. 

7. When the mixture of mercuric chloride and zinc salt is precipitated 
with hydrogen sulfide at higher temperatures and filtration made after the 
three-minute precipitation period, less zinc was found to be postprccipi- 
tated than when treated with hydrogen sulfide at room temperature 
(table 6). If, however, the solutions were allowed to cool dowm during a 
period of shaking under hydrogen sulfide pressure, the final result was 
about the same as for those experiments carried out entirely at room 
temperature. 

8. In the experimental part of this paper it has been mentioned that zinc 
sulfide postprecipitated with fresh mercuric sulfide cannot be completely 
removed from the precipitate by a continuous extraction with 3 N hydro- 
chloric acid at room temperature. Complete extraction is easier from 
precipitates which are formed with aged mercuric sulfide than from those 
formed by precipitation from solutions containing both metallic ions or 
from those obtained by using freshly precipitated mercuric sulfide. Appar- 
ently the zinc sulfide is intimately associated wdth the mercuric sulfide in 
the mixed precipitate, although the latter when first formed contains no 
zinc. The diflBiculty with which extraction of the zinc is made from the 
mixed precipitate suggests that it is present in the form of a mixed crystal. 
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X-ray studies reported in a previous paper (7a) indicated that a limited 
mixed crystal formation had occurred. The zinc sulfide then enters the 
black mercuric sulfide lattice after the latter has been formed. This 
penetration takes place most easily into freshly precipitated mercuric sul- 
fide and only with great difficulty, if at all, in case of a well-aged product, 
thus accounting for the differing ease of extractability of the zinc from 
various types of precipitates. When dealing with fresh precipitates the 
penetration takes place to a maximum extent very quickly. Inasmuch as 
transformation to the trigonal fonn occurs to a large extent in all of the 
well-aged precipitates of mercuric sulfide, it is not possible to state defi- 
nitely whether or not penetration is possible in a well-aged mercuric sulfide 
which has retained its cubic form. Experiments carried out with mercuric 
sulfide ag(‘d in strongly acid medium, in which the transformation to the 
red form is very slow, indicate that there may be slow penetration into 
well-aged products providing they consist of the metacinnabar form. It 
seems fairly conclusive that no penetration occurs in the case of the red 
hexagonal form-~in other words, no mixed crystals of hexagonal habit 
form, although the red mercuric sulfide promotes the precipitation of zinc 
sulfide. It may be mentioned that the subsequent mixed crystal fonna- 
tion of postprecipitated zinc sulfide with mercuric sulfide is of secondary 
consideration with regard to the general problem of postprecipitation of 
zinc. 

SUMMARY 

1. Mercuric sulfide promotes the precipitation of zinc sulfide from acid 
medium. There is no coprecipitation, but the phenomenon constitutes a 
typical case of postprecipitation. 

2. The promoting effect of mercuric sulfide upon the postprecipitation 
of zinc sulfide is much more pronounced than that of cupric sulfide. Even 
traces of mercuric sulfide have a distinct effect. 

3. The postprecipitation is explained by a primary adsorption of zinc 
sulfide on the mercuric sulfide with subsequent precipitation of the latter. 
Substances replacing adsorbed hydrogen sulfide or ions competing wdth 
zinc ions in their adsorption as counter ions inhibit the postprecipitation. 

4. A very slow^ Xiostprecipitation occurs at an acidity as high as 2 A in 
sulfuric acid, although freshly precipitated zinc sulfide would dissolve at 
this acidity. It has been shown that at this high acidity the zinc sulfide is 
postprecipitated in the aged, less soluble form. 

5. With aging of the mercuric sulfide its promoting effect upon the post- 
precipitation decreases. This is partly explained by an agglomeration of 
the particles, but also by a transformation of ihv metacinnabar to the 
cinnabar form. The temperature at w^hich the mercuric sulfide is precipi- 
tated has little effect upon its ability to promote the f)recipitation of zinc 
sulfide. 
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6. Zinc sulfide postprecipitated with fresh mercuric sulfide cannot be 
completely extracted from the precipitate with 3 N hydrochloric acid at 
room temperature. The postprecipitated zinc sulfide penetrates the 
lattice of the cubic mercuric sulfide, giving rise to a limited mixed crystal 
formation. 

7. The extent of postprecipitation diminishes greatly with decreasing 
partial pressure of hydrogen sulfide. 
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Potassium ethyl xanthate, which is not normally able to induce the flota- 
tion of sphalerite (ZnS), becomes effective in the presence of a low concen- 
tration of copper sulfate. This action of a copper salt, known technically 
as ^‘activation,'* is used for the flotation of sphalerite following the flotation 
of galena by xanthate alone. It is generally assumed that the sphalerite 
becomes coated with a thin film of copper sulfide, which can adsorb the 
xanthate. In support of this interpretation, it is urged that many copper- 
bearing minerals do adsorb xanthate from very dilute solutions. It has 
been demonstrated by several methods that sphalerite acquires a coating 
of a copper-bearing film when it is immersed in a copper sulfate solution. 
This coating is not removed by a water washing, but is removed by treat- 
ment with a dilute solution of sodium cyanide (12). Three molecules of 
cyanide per atom of copper are sufficient to prevent the activation of the 
sphalerite by copper sulfate, presumably because a soluble cupricyanide is 
formed which greatly reduces the copper-ion concentration. The minimum 
concentration of copper ions required to activate sphalerite is of the order 
10-28 ( 12 ). 

Many lead-zinc ores contain suflScient soluble copper to activate the 
sphalerite and thus to interfere with its separation from galena. Addition 
of sodium cyanide during grinding and conditioning of the ore usually 
prevents flotation of much of the sphalerite with galena, but some opera- 
tors think that cyanide does not completely prevent activation. If this 
be true, the activation must be due to some other ion, not removable from 
the sphalerite surface by cyanide. Lead salts would cause activation of this 
type but sodium carbonate, if present, would tend to precipitate them and 
thus to prevent activation. The results cited later may therefore be of 
more than academic interest, 

Berl and Schmidt (1), using a spectroscopic method to determine the 
amount of heavy metal ions removed by adsorption, have demonstrated 
that galena and sphalerite both adsorb copper and that sphalerite also 
adsorbs lead from solutions of their soluble salts. Ravitz and Wall (8), 
who used an iodometric method to measure the amount of copper removed 
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from a copper sulfate solution by sphalerite, claim that the adsorption is 
almost complete within a minute; that for particles of 60 microns and over, 
which is the size preferred in practice, the amount of copper sulfate required 
for maximum recovery in flotation is approximately equivalent to the 
amount that would be required for the formation of a unimolecular film, 
and that considerably greater amounts of copper up to a fixed maximum 
value can be adsorbed from concentrated solutions. They suggest that 
the maximum amount adsorbed is just sufficient to coat with a unimolecu- 
lar film the surfaces of all the unit crystal blocks, whose size is set at 0.37 
micron, penetration into the crystal lattice being assumed. 

In some instances activation of a mineral can be effected by adding a 
salt of the metal of the mineral. Thus, when using methyl xanthate as 
collector, chalcopyrite can be activated by copper sulfate. Similarly, the 
addition of zinc sulfate helps in the flotation of sphalerite by amyl xanthate. 
This type of activation is connected with the mechanism of the adsorption 
of the xanthate, and has led us to the conception of an “adsorption solu- 
bility product.’’ 

Another type of activation, exemplified by the action of sodium sulfide 
on anglesite and cerussite, which has already been considered (14), will not 
be discussed here. 

It has generally been assumed that activation of sphalerite by copper 
sulfate is due to the formation of a surface coating of cupric sulfide, formed, 
in accordance with the solubilities, by the action 

ZnS + Cu"*"^ = CuS + Zn*^"^ 

If one accepts the evidence of Ravitz and Wall that a unimolecular film 
suffices for flotation ^ one would not expect such a film to possess the sur- 
face properties of massive covellite (CuS). Experiment does, in fact, 
indicate that the film has not the properties of massive covellite, at least 
with regard to depression by sodium cyanide or caustic soda. Figure 1, 
constructed from earlier papers (12, 13), shows for covellite and for pre- 
activated sphalerite the relationships between the concentrations of cyanide 
and the pH value necessary to prevent air-mineral contact in the presence 
of 25 mg. per liter of potassium ethyl xanthate. (By preactivation is 
meant immersion of the sphalerite specimen in a copper sulfate solution 
before it is placed in the xanthate solution.) Contact for either mineral 
is possible below or to the left but not above or to the right of its curve. 

If copper sulfate is present as well as xanthate, a considerably higher 
concentration of cyanide is necessary to prevent contact. With 150 mg. 

^ One could not at the same time accept the suggestion of Taggart, del Giudice, 
and Ziehl (9) that this film must become oxidized before it can adsorb xanthate, for 
if it did we should have simply a unimolecular adsorbed film of copper sulfate on 
zinc sulfide. 
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of CUSO 4 -51120 and 25 mg. of the xanthate per liter, the corresponding 
curve for sphalerite, also taken from an earlier paper (13), is shown in 
figure 2. A similar curve has been determined by Mr. A. B. Cox for stib- 
nite which, like sphalerite, requires activation before it will respond to a 
neutral solution of ethyl xanthate. It will be seen that the curves for the 
two minerals are very similar. The corresponding curve for covellite in 
the presence of copper sulfate was not determined completely, but it lies 
very much higher than these two curves. It is apparent, therefore, that 



• 7 • 9 10 II 12 I) 14 

|»M VALUE 


Fig. 1. Relationship between pH value and concentration of sodium cyanide 
necessary to prevent contact at surfaces of covellite and activated sphalerite. Po- 
tassium ethyl xanthate « 25 mg. per liter. No added copper sulfate. 

when copper sulfate activates a sulfide mineral, the coating produced is not 
identical with covellite. Nor is it probable that the coatings for different 
minerals are held equally firmly: the non-identity of the activation curves 
for galena and sphalerite when using sodium diethyl dithiophosphate as a 
collector suggests that they are not (13). 

For reasons which will be cited elsewhere we do not agree with the con- 
tention of Taggart, del Giudice, and Ziehl (9) that the possibility of adsorp- 
tion of a collector is governed entirely by the solubilities of the metallic 
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Salta of that collector. However, as these authors state, there is little 
evidence to show whether adsorption of an activator is governed entirely 
by solubility considerations. We set out, therefore, to determine which 
metallic salts are effective as activators for sphalerite. If solubilities 
alone are respondble, immersion of a sphalerite specimen in a solution of a 
salt of any metal whose sulfide is less soluble than sphalerite may cause 
activation, but immersion in a solution of a salt of a metal whose sulfide 
is more soluble than sphalerite should not. In testing this view we pro- 
posed to use ethyl xanthate to indicate whether adsorption of the metal ions 



pH MLUe 

Fio. 2. Relationship between pH value and concentration of sodium cyanide 
necessary to prevent contact at surfaces of sphalerite and stibnite. Specimens pre- 
activated in a solution of copper sulfate. CuSOi-SHsO — 150 mg. per liter; potas- 
sium ethyl xanthate •> 25 mg. per liter. 

had occurred, the procedure being to immerse the pretreated sphalerite 
in a xanthate solution and to observe whether a bubble of air could effect 
contact with it. An assumption was made here, namely, that if the sur- 
face is filmed by the metal ions, it will respond to ethyl xanthate. When 
the tests were begun this seemed probable enough, for the heavy metal 
sulfide minerals that had been tested bad all responded to ethyl xa n tha te. 
However, during the progress of the work it was found that stibnite (SbjS») 
does not respond to neutral ethyl xanthate solutions, but only to slightly 
add solutions of ethyl xanthate. This raised doubts concerning the valid- 
ity of our initial assumption. Consequently, if the treated sphalerite 
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specimen failed to respond to a neutral ethyl xanthate solution it was tested 
also in an ethyl xanthate solution at a pH value of between 4 and 5. More 
potent collectors could not be used, since they cause contact at a sphalerite 
surface in the absence of activators (13). Despite these precautions, the 
absence of a response to ethyl xanthate, though it suggests that adsorption 
of the metal ions has not taken place, does not prove it. On the other 
hand, if a response has been obtained, the conclusion is definite that activa- 
tion has taken place. 

Kolthoff (4) cites three values between 5 X 10““^® and 8 X 10”^® for the 
solubility product of a-zinc sulfide, and the single value 10^24 ^-zinc 
sulfide. Let us consider activation by the salt of a bivalent metal (M). 
If the process is dependent only upon solubilities, it follows that the filming 
process, 

ZnS + = Zn++ + MS 


occurs if on the addition of the salt of M, 


(M++) (MS) . Solubility product of MS 
(Zn^) (ZnS) ' Solubility product of ZnS 

The concentration of zinc ions must be very small: we should therefore 
expect filming by any bivalent metal, the solubility product of whose sul- 
fide is equal to or lower than the solubility product of zinc sulfide. For 
filming to occur under this mechanism it would be necessary that the term: 


(Solubility product of ZnS) 


should be greater than 


..X Solubility product of MS . i . i ^ i i. 

(i) for bivalent metal salts 

(M"*^) 

,..x Solubility product of M 2 S , • 1 ^ ^ 1 u 

( 11 ) ^ '~ (M-t-)2 univalent metal salts 


(iii) 


Solubility product of (M2S3) 

(M++)2/3 


for tervalent metal salts 


Unfortunately, the solubility products of the metallic sulfides are not 
known with any degree of certainty. Table 1 sets out recorded values 
from various sources. Because of the decomposition of ferric sulfide it is 
doubtful whether the figures for it are significant. There is an enormous 
discrepancy between the figures cited in Landolt-Bornstein^s tables for the 
solubilities and solubility products of heavy metal sulfides. Thus the 
solubility of mercuric sulfide, given as 1.2 X 10~®, corresponds to a solu- 
bility product of the order 10*”^®; the recorded value is 10“®®. For lead 
sulfide the corresponding figures are 10“® and 10“^®. Though greater care 
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is usually taken in the determination of solubility products, the values 
recorded for them are of doubtful value, for the assumptions upon which 
the determinations are based cannot be justified. The greatest weight 
must be attached to Kolthoff^s figures, which were obtained from a critical 
study of the work of earlier writers. 

Even if it were proved that solubilities alone governed activation, it is 
evident that the solubilities of some of the sulfides are not known with 
sufficient accuracy for one to be able to predict whether zinc sulfide should 
be activated by solutions of the corresponding heavy metal salts. The 
results obtained in this investigation do not, therefore, enable one to decide 
whether activation of sphalerite should be attributed to simple double de- 
composition or to ‘^exchange adsorption'^ (2). There is no doubt that salts 
of the metals that form the least soluble sulfides activate sphalerite, nor 
that salts of the metals that form the most soluble sulfides do not activate 
it. It has not been settled, however, whether activation is governed en- 
tirely by solubility coihsiderations for salts of metals whose sulfides are of 
the same order of solubility as zinc sulfide. 

EXPERIMENTAL 

Method I: The sphalerite specimen was polished in the usual manner 
(11), placed in a 10 mg. per liter solution of the heavy metal salt, and after 
thirty minutes, 25 mg. per liter of potassium ethyl xanthate w^as added. 
After a second period of thirty minutes the specimen was tested with a 
(*aptive bubble of air to ascertain whether it had acquired a xanthate film. 
If contact w^as possible between the bubble and the surface the angle of 
contact was measured at interv'als up to two hours. The recorded values 
were measured two hours after the xanthate addition ; usually a steady value 
was reached much sooner than this. 

Method II: An alternative method of activation w as tried for each metal, 
namely, to stand the specimen for thirty minutes in a 1 g. per liter solution 
of the salt, then after rinsing in water, to transfer to a 1 g. per liter xanthate 
solution. This method possesses the advantage that there is no precipi- 
tate of heavy metal xanthate in the solution to hinder contact with the 
surface. 

Method III: For reasons already stated, if neither of these procedures 
proved that activation had occurred, a third w'as tried, namely to test the 
pretreated specimen in an acidified 200 mg. per liter ethyl xanthate solu- 
tion at a pH value of betw'een 4 and 5. Control tests showx'd that in the 
absence of activators contact with sphalerite was impossible under these 
conditions: in solutions containing 500 mg. of potassium ethyl xanthate 
per liter, weak and irregular contact is obtained if the pH value is reduced 
to 4 by addition of hydrochloric acid, and with very high xanthate concen- 
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tratioDS and acidities an angle of contact only two or three degrees less 
than 60° is obtained. This contact is not due to products of the decom- 
poration of the xanthate in acid solutions. Nor is it due to the iron that is 
almost invariably contained as an impurity in the sphalerite, for resin 
blende, marmatite (a solid solution of iron sulfide in zinc sulfide), and cleio- 
phane (an iron-free blende) all behave similarly. Curves obtained pre- 
viously (13) suggest that sphalerite might respond, without activation, to 
high ethyl xanthate concentrations in acidified solutions. 

Method IV: The contact tests were supplemented by direct flotation 
tests in stoppered cylinders. The procedure was similar to that adopted 
in methods I, II, and III, except that a suspenaon of sphalerite in water 
was used for the attempted activation ; after additions of 20 mg. per liter of 
teipineol as frother, of xanthate as collector, and of acid, if there was no 
response in neutral solutions an attempt was made to float the mineral by 
shaking the stoppered tube vigorously. 

PUBITY OF CHEMICALS 

Since even 1 mg. of copper sulfate per liter is an activator for sphalerite, 
it is essential that the compounds tested should be free from any substantial 
amounts of copper or other heavy metal salts. The purest specimens 
obtainable were recrystallized before use, and the xanthates were purified 
as described previously (11). Antimony trichloride was redistilled. 
Titanium trichloride was crystallized from the commercial 16 per cent 
solution by adding alcohol and ether, washing with ether, and then re- 
crystallizing from alcohol by addition of ether. The water used was dis- 
tilled from glass apparatus and was copper-free. 

TECHNIQUE OF POLISHING 

At one time during the investigation it became so difficult to obtain 
clean polished specimens that, had we not had several years’ experience to 
convince us that clean specimens of sphalerite were not air-avid, we should 
have believed that they were. As some other investigators have appar- 
ently experienced similar difficulties, a description of the methods adopted 
to overcome them may not be out of place. Since one of us experienced 
greater difficulty than the other, and since trouble was encountered particu- 
larly in hot weather, it was suspected that the natural grease of the hands 
was responsible. Linen gloves lessened but did not completely eliminate 
the trouble, but surgical rubber gloves, when properly treated, did remove 
it. The gloves must be kept in such a condition that water readily wets 
them; this can be done by washing them with wet talc powder. Subse- 
quently it was found that rubbing the hands with talc powder may suffice 
to remove the natural grease, and it is then possible to dispense with ^oves. 



TABLE 2 

Activation of sphalerite by metallic salts 
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EXPERIMENTAL RESULTS 

The results of the investigation are summarized in table 2. Except for 
titanium the results from direct flotation tests are in agreement with those 
from contact tests. The contact induced by some of the salts was not of 
the same order as that induced by copper sulfate, for example. When 
using copper sulfate as activator, the xanthate caused a rapid and com- 
plete response to an air bubble, but when using a titanium salt the reaction 
was slow and irregular; only on rare occasions was the characteristic angle 
(60®) obtained, and then only over a portion of the surface. In direct flo- 
tation tests, the presence of copper sulfate results in the formation of a 
highly mineralized froth that is stable for days and up to 75 per cent of the 
sphalerite can be floated. On the other hand, titanium salts, though they 
cause more sphalerite particles to reach the surface than would do so in 
their absence, do not result in the formation of a permanent mineralized 
froth. With thallium nitrate as activator, it seems at first that a stable 
froth will form, but although much of the mineral is carried to the surface 
by the bubbles, the froth does not persist, and most of the mineral falls. 
With cobalt sulfate the flotation is still less permanent. 

Owing to hydrolysis, difficulties arose in testing salts of bismuth, tin, 
and antimony. Activation was attempted both in solutions acidified to 
prevent hydrolysis and in neutral suspensions containing the hydroxide. 
With bismuth, sufficient of the salt remains in solution at pH = 7 to acti- 
vate sphalerite, and ethyl xanthate then induces the customary contact 
angle and leads to excellent flotation. With antimony trichloride, how- 
ever, only in slightly acid solutions is there sufficient antimony for activa- 
tion; the xanthate solution also is effective only in acid solutions. Neither 
in acid solution nor in neutral solution was stannous chloride an activator 
for sphalerite. Titanium trichloride also hydrolyzes, and it was the partly 
decomposed solution (pH = 3.5) that was in part effective as an activator. 
Arsenic trioxide dissolves very slowly in water; hydrochloric acid hastens 
the solution process and the excess acid can be neutralized before testing. 

Sphalerite reduces chloroauric acid; a precipitate of metallic gold is 
formed on the surface of the sphalerite when using gold chloride. It is 
doubtful, therefore, if the activation should be attributed to the formation 
of a film of gold sulfide. 

Cobalt and nickel are generally believed to form fairly insoluble sulfides. 
The failure of hydrogen sulfide to precipitate the metals from acidified 
solutions of their salts is difficult to understand, for the sulfides themselves 
do not dissolve in dilute acid. Middleton and Ward (7) have shown, how- 
ever, that the mechanism of the precipitation is complex, and that precipi- 
tation of the true sulfides does not usually occur. Attempts to activate 
sphalerite by a solution of nickel sulfate, made alkaline by ammonia and 
stabilized by ammonium chloride, were not successful. 

It is surprising that neither for stannous nor for stannic salts could con- 
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ditions be found that led to activation of sphalerite. We found, however, 
that stannic sulfide is not precipitated from a 1 g. per liter solution of the 
double chloride by sodium sulfide, despite the reported low solubility of 
stannic sulfide, 0.0002 g. per liter. 

Some results for silver and mercury, cited in an earlier paper (11), seemed 
to indicate that if the heavy metal salt was in stoichiometric excess of the 
xanthate, activation was not obtained. This indication was not substan- 
tiated, for on varying the concentrations over a wider range, it was found 
that contact was sometimes possible with the metal salt in excess. Pre- 
cipitates of the heavy metal xanthates are responsible for the difficulties, 
and if the surface is freed from them (by wiping with a clean linen pad) 
contact is possible w^hatever the relationship between the metal and xan- 
thate additions. In all the tests now' recorded the surfaces tested were 
treated in this manner to free them from precipitates, visible or invisible, 
that w'ould hinder contact. 


SUMMARY 

1. It has been found that salts of the metals platinum, gold, bismuth, 
mercury, silver, copper, cadmium, lead, cerium, antimony, and arsenic 
‘‘activate’^ sphalerite in a manner such that it responds to ethyl xanthate 
and floats readily. Thallium and cobalt induce a somewhat w'eaker re- 
sponse and titanium, though it does have a W'eak influence on the response 
of the mineral to an air bubble, is not a sufficiently powerful activator to 
cause flotation. 

2. In general, the metals that are effective as activators form relatively 
insoluble sulfides and those that are not effective form relatively soluble 
sulfides. 

3. It is not possible to decide whether solubility considerations alone 
govern the activation pro(ress. Thallium, whose sulfide is reputed to be 
more soluble than that of zinc, does activate sphalerite, and tin salts, 
w^hich give less soluble sulfides, do not activate sphalerite. However, the 
reported solubility products are not to be relied upon. 
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other author wishes to acknowledge the help of the companies by which he 
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Co. of Australasia Ltd., and the Burma Corporation Ltd. Our thanks are 
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INTRODUCTION 

In an earlier paper (6) it was shown that there is a general correlation 
between the bread-making qualities of flour doughs and certain of their 
physical properties, chiefly relaxation time (viscosity/shear modulus) and 
the rate of fall of viscosity during fermentation. The importance of a fur- 
ther dough property, the tendency to tear when stretched, was also realized, 
but the discussion of the significance of this in terms of viscosity, modulus, 
etc., was left until further experiments had been completed. The tendency 
to tear varies from dough to dough, but only becomes apparent to the 
baker when it reaches the stage when the dough “tears” easily under bake- 
house manipulation. Such doughs are called “short” and the baker speaks 
of varying degrees of “shortness,” such as “slight shortness” or “extreme 
shortness.” Before this stage is reached, however, the baker does not 
recognize this tendency to tear, although it is there and probably influences 
the bread-making quality of the dough. It may, for example, be an im- 
portant factor in determining whether a dough bakes into a loaf having the 
fine vesiculated crumb generally associated with an all-Manitoba flour or 
the coarse and open crum from an all-English flour. 

A direct measure of the tensile strength of a flour dough is at the moment 
impossible, partly because the value obtained depends so greatly on the 
conditions of stress application, and partly because the excessive flow and 
consequent thinning of the test piece before rupture makes a determination 
of the cross section impossible. 

The conception of “shortness” as determined by the baker is a complex 
one, and probably depends partly on ductility as well as on tensile strength. 
Ductility represents the critical deformation of the material at the point 

* By mutual agreement the authors’ names are given in alphabetical order and no 
seniority is implied. 
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of rupture, the tensile strength being the critical stress. The relationship 
between the two is complex, and it is sufficient for the present purpose to 
point out that ductility is a function of viscosity, shear modulus, and elastic 
after-effect as well as of tensile strength. When a piece of dough is ex- 
tended,^ since the stress built up in the dough is proportional to the vis- 
cosity and to the rate of extension, the tensile strength will be exceeded 
after quite a small elongation if the extension is rapid, whereas a slow pull 
will allow a big deformation before rupture occurs. Thus for a direct 
test carefully controlled conditions are essential, whereas the baker judges 
shortness partly by extending the dough at quite uncontrollable rates and 
stresses, and partly by observing the stretching and tearing of a mass of 
dough imder its own weight. Shortness is therefore not a very sharply 
defined property, and only comparatively wide differences can be reliably 
observed. Such wide differences do, however, occur even within the range 
of commercial flours, and some quantitative measure of them is essential 
for a further understanding of the nature of shortness. Measurements of 
ductility at unknown stress but controlled rates of deformation, although 
fairly reproducible, do not correlate with ^^shortness^' as determined by 
handling. It has been shown (15) that the size of a bubble which can be 
blown in a dough is only a measure of “shortness’^ for doughs in which this 
property is predominant. In more extensible doughs, the shear modulus 
plays an important part in determining extensibility {vide infra). 

Although the relationships between rupture and flow conditions are not 
yet fully understood, certain phenomena have been observed which indi- 
cate a method by which shortness may be measured. This method de- 
pends on the relationship between the rate at which viscosity falls wdth 
increasing stress (structural viscosity)^ and the brittleness of materials (13). 
If a dough were a true highly viscous fluid, it would extend until the test 
piece narrowed to a thread before rupture; if it were a solid, up to a limit- 
ing stress (tensile strength) it would hardly deform at all (viscosity infinite) 
and at this stress it would break right across. This suggests that the more 
a dough approximates to a true fluid, the less ‘ ‘short it is likely to be. 

A certain correlation between high work-hardening and shortness had 
been observed in the rheogram experiments,^ and it has been known for 
some time that high work-hardening is generally associated with big struc- 
tural viscosity, but owing to the very limited range of stress available in 
the rheogram method, the full implications of this were not realized, al- 
though the significance of the distribution of relaxation times in deter- 
mining plastic properties had already been appreciated (14). 

* It is here assumed that the elastic extension is small in comparison with the 
non-recoverable extension. 

» The use of this term is convenient, but does not imply agreement with the the- 
oretical treatment of the Ostwald school. 

♦ For a description of the rheogram method see references 6 and 12. 
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If a dough is extended until it breaks, a fibrous structure*^ can be observed 
with the naked eye, especially clearly in the case of a short dough. Rup- 
ture occurs as a result of the tearing apart of the fibers; the more coarse 
the fiber structure, the sooner the mass disintegrates, because the tearing 
of a single fiber makes a big rent and greatly decreases the area over which 
the load is distributed. Local rupture results, as Griffith (6) has empha- 
sized, in a big conversion of potential into kinetic energy, producing a local 
fall in viscosity. Griffith claims that in the case of metals this effect is 
responsible for the fa(*.t that measured tensile strengths are always so much 
smaller than the theoretical ones. 

The formation of gross fibers in the dough as it is deformed not only 
causes an increase in viscosity and shear modulus (work-hardening) but 
also, l:>y producing a heterogeneity of structure, effects a progressive slip- 
ping of fibers as stress increases, which shows itself in high structural viscos- 
ity. The shear angle gets more and more distorted the grosser the fibers 
become. Tammann and Rejto {vide Goubkin (4) consider that work- 
hardening in metals may be ascribed entirely to this effect, and Nddai 
(7) states that it is responsible for brittleness, although it is now claimed 
(3) that this is an exaggeration. 

When the junction between two fibers slips and breaks, a rent is formed 
and these previously extended fibers contract, making the rent worse. It 
is clear that the extent of widening of the rent wdll depend on how much 
the elastic elements were extended prior to rupture. The modulus of the 
fibers thus affects the conditions of rupture, and in comparing the structural 
viscosities of doughs it is best to adjust their moisture contents such that 
comparisons can be made at a fixed modulus (6). It must be remembered 
that whereas the measurable viscosity of a heterogeneous material is prob- 
ably a function of the viscosities of all its parts at the stress in question, 
the tensile strength depends on the resistance of the weakest part. If there 
is a wide distribution of viscosities amongst the elements making up the 
dough, this will result both in a high structural viscosity and in a tensile 
strength which is low for the mean viscosity. Heterogeneity, reflecting a 
high structural viscosity, thus always tends to favor rupture and homo- 
geneity favors flow. 

The nature of the process of fiber formation in dough is very little under- 
stood, nor is it known why some flours give doughs which are abnormally 
prone to it, though it would be surprising if there were no natural variation 
in this, such as is found in all other physical properties. 

Potel (8) and Potel and Chaminade (9) have shown that mild oxidation 
increases shortness in dough, while reduction diminishes it. The processes 
may be followed by observing changes in oxidation-reduction potential. 

® The term '^fibrous structure^' really implies no more than the existence of me- 
chanical anisotropy, but is conveniently used in this sense even in describing proper- 
ties of crystals (11). 
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In view of the recent work of Astbury, Dickinson, and Bailey ( 2 ) one 
might suggest that oxidation effects some type of mild denaturation in- 
volving ‘‘the liberation or generation of peptide chains which aggregate on 
coagulation into parallel bundles like those found in the structure of 
/ 3 -keratin and similar fibres/' In the case of dough, these fibers only 
manifest themselves when the dough is extended. Whether the process 
is actually reversible on subsequent reduction, or whether the reducing 
agent acts at different spots in the dough structure is not known. 

The fiber structure of dough is also enhanced by the addition of many 
other materials such as the fats, which, by modif3dng the viscosity at 
certain points in the dough, tend to increase heterogeneity, and hence 
structural viscosity. 

Astbury ( 1 ) has pointed out that the amino acid® cystine (HOOC- 
CH(NH2)CH2S.SCH2CH(NH2)-C00H) can form strong cross linkages 
between protein chains, like the rungs in a ladder. It has been found that 
cystine does make unyeasted dough feel less short. Cysteine (HOOC- 
CH(NH2)CH2SH) would be expected to be less effective in this respect, 
because only one end of the molecule can attach itself to the protein chain, 
but on the other hand, it is a reducing agent, which may account for the 
fact that in practice it is found to be not much less effective than cystine. 
Other amino acids, such as aspartic acid and m-aminobenzoic acid, become 
less effective as their polar properties diminish.’ 

The connection between structural viscosity and shortness has a profound 
influence on the interpretation of viscosity and modulus data in terms of 
baking values. The extent of elastic recovery (spring) of a short dough, 
as estimated at the high stresses used in handling, will not bear a normal 
relation to that determined at low stresses intended to correspond to those 
obtaining in the fermenting dough. Good spring has been shown to 
depend on high viscosity and low modulus, and since the latter does not 
alter very drastically with stress, a dough whose viscosity falls to any 
abnormal degree as stress is increased will also appear progressively to 
deteriorate in spring. This has been amply verified in the baker’s experi- 
ence. This means that in order to compare relaxation times (viscosity/ 
modulus) with bakehouse data, the stresses at which they are determined 
should correspond with the internal stress built up in the dough during 
fermentation. The latter cannot yet be measured directly. This diffi- 

^ Amino acids are found as products of proteolysis in the fermentation of flour 
dough, and in view of the above experiments it is tempting to suggest that changes 
in physical properties during fermentation may be ascribed to them. This is un- 
likely, however, since it has been shown (6) that these physical changes are only 
slightly affected by the presence of normal quantities of yeast, and Samuel (10) has 
demonstrated that in yeasted doughs the amino acids produced by fermentation 
are used up by the yeast in its metabolism {vide infra), 

^ Some of these experiments were suggested to us by M. Potel. 
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culty has not been fully overcome, but it really means that both spring as 
measured by relaxation time and shortness as measured by structural vis- 
cosity in the test described below, have to be taken into account in assess- 
ing the quality of a flour. The extent to which these two properties are 
present in a dough determines its quality, but their relationship to each 
other, and how this varies in different flours, is not yet fully understood. 

The experiments described below are designed to test whether the effect 
of various materials on the shortness of doughs as judged qualitatively by 
handling, can be shown to be paralleled by quantitative measurements of 
structural viscosity. If this can be done, although shortness is realized 
to be an extremely complex property, we shall be in a position to say that 
at least big differences in shortness can be measured by means of structural 
viscosity. In the later part of this paper, the question of smaller differ- 
ences is discussed. 


EXPERIMENTAL 

Dough cylinders for viscosity measurements® are prepared by extruding 
the dough through a metal ^‘gun’^ at high pressure. It was noticed that 
when doughs showed about the same viscosity at the standard shearing 
stress of the order of 500 d 3 mes per square centimeter the “shorter” doughs 
always came out of the gun faster and thus evidently had lower viscosities 
than the non-short doughs under the very high stress applied in the gun. 
To test this quantitatively, a flour was made short by the addition of 
different quantities of lard, and the viscosity (rj) at 500 dynes per square 
centimeter under set conditions, together with the time (7") taken for a 
certain quantity of dough to be extruded from the “gun” under a load of 
7 lb., were determined. The results, which arc included in table 1, clearly 
indicate that over a big range of stress increasing shortness is accompanied 
by a rapidly increasing structural viscosity. 

The time of extrusion from a gun is not a very satisfactory way of 
measuring viscosity, and it was of interest to determine whether the ratios 
of viscosities at two different stresses which could be applied in the standard 
technique would indicate big differences in shortness. The viscosities of 
a dough made without shortening agents were measured at 250 and GOO 
dynes per square centimeter, respectively, the ratio of these viscosities 
being 1.29. A similar test on a dough in which 2 per cent of lard had been 
incorporated showed a ratio of 1.54, 5 per cent of lard gave a ratio of 2.23, 
and 10 per cent of lard 2.25, although in the last case the stresses employed 
were no longer suitable. The structural viscosity had evidently been 
progressively increased by the shortening. 

A test was then arranged in which other materials which were known to 

* The technique for measuring viscosity and modulus is described in the earlier 
paper (6). 
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affect shortness were added to flour when making doughs, varying quanti- 
ties being used. The viscosity (t?) and the modulus (n) at 500 dynes per 
square centimeter and the time of flow (T) out of the gun were measured 
under standard arbitrary conditions and compared in each case with a 
separate control. (This was done because temperature varied somewhat 
between the different experiments.) The results are given in table 1. 
71 /T is taken as a measure of structural viscosity. It is clear that the 
effects, although perhaps not very accurately determined, are in entire 

TABLE 1 


Effect of certain substances on the viscosity j modulus^ and structural viscosity of flour 

doughs 


SUBSTANCE | 

DOSE IN PARTS 
PER MILLION 
OF FLOUR 

i}/i7oontrol 

w/WoontroI 

r/Toontrol 

v/T/(ti/T) contra) 


Cystine 

4 

0 86 

1 07 

0 89 

0 96 



20 

0.79 

0 88 

0 98? 

0 80 



1,000 

0.31 

0 63 

0 88 

0 35 

00 

1 


2,000 

Very low 

Very low 

0 82 

Very low 

a 

O 1 

Cysteine 

4 

0 86 

0 99 

0.82 

1 05 

to J 


20 

0.71 

0 77 

0 73 

0 98 

<1P 


1,000 

Very low 

Very low 

0.13 

Very low 


Aspartic acid 

500 

0.59 

0 85 

0.91 

0.65 



2,000 

0 36 

0 52 

0 65 

0 57 


m-Aminoben- 

500 

0 61? 

0 82? 

0,85 

0.72? 


zoic acid 

2,000 

0 64 

0 76 

0 77 

0 84 


Lard 

40,000 

0 97 

1 25 

0 63 

1 53 

so 


100,000 

1 61 

1 85 

0 38 

4 22 

a> 00 


200,000 

1.48 

3 10 

0 10 

14 8 

ii 

— * so 

FeCl» 

High? 

5.75 

2.98 

0 49 

11.8 


HPO, 

8,000 

1 71 

0 93 

0.40 

4 3 


agreement with the earlier findings, thus justifying the conclusion that for 
the range of variation considered the structural viscosity test gives a valid 
measure of shortness. 

The treated and untreated doughs were compared at the same moisture 
contents. The addition of amino acids decreased the viscosity, modulus, 
and structural viscosity and in this way rendered the dough both softer 
and less short. The addition of extra water to a dough also lowers »?, n, 
and v/T, and to compare the relative effects of cystine and water on struc- 
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tural viscosity it is necessary to make measurements at an arbitrarily 
chosen condition of consistency, such as a constant modulus. 

A further experiment was therefore made in which doughs, with and 
without cystine, were compared at a modulus of 1.0 X 10^ dynes per square 
centimeter. For the control dough rj = 0.85 X 10® dynes per second per 
square centimeter, T = 40 sec., and hence r}/T = 2.1 X 10^. For the 
dough containing 5 parts of cystine per 100 parts of flour rj = 0.79 X 10®, 
T == 46, and hence tj/T = 1.7 X 10^. 

Similar measure^ments were made at other moduli, and in each case the 
dough containing cystine had a slightly lower structural viscosity than the 
control dough. Thus a series of doughs of increasing water content and 
having the same moduli as the cystine doughs in table 1 would, dough for 
dough, have higher structural viscosities than the latter. Cystine thus 
makes dough less short partly by rendering it softer, as does water, and 
also by reducing the structural viscosity for a given consistency. To pro- 

TABI.E 2 


Structural viscosity of doughs from some English flours 


FLOUR NO 

T 


v/T 

893 

54 

0 6 X 106 

1 1 X w 

898 

45 

0 7 X 10® 

1 5 X 10^ 

903 

38 

OCX 10‘ 

1 6 X 10^ 

902 

40 

0 a5 X 106 

1 6 X 10^ 

911 

35 

0 6 X 106 

1 7 X 10^ 

892 

43 

0 8 X 10» 

1 9 X 10" 

899 

32 

0 7 X 106 

2 2 X 10" 

904 

21 

0 55 X 10® 

2 6 X 10" 


duce similar effects on consistency much larger quantities of water than of 
cystine are necessary. Although water and amino acids diminish short- 
ness in a somewhat analogous way, namely through their effect on vis- 
cosity, the mechanism must be entirely different. Some tentative sugges- 
tions about the amino acid mechanism have already been discussed. 

In addition to the above tests on flours whose degree of shortness had 
been artificially altered, a number of flours, all milled from English wheat 
and which when tested in the bakehouse had shown varying degrees of 
natural shortness, have also been examined. 

These flours were tested under carefully controlled conditions in a con- 
stant-temperature room® at 80°F., the temperature at which the flours had 
been examined in the bakehouse. 

Doughs were made from each, and at intervals samples were taken on 

• This constant-temperature room was not available for the earlier experiments 
quoted in table 1. 
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which the values of T, i?, and n were obtained. Curves were then drawn 
relating T, i?, and n to the age of the dough, and from these, values of T 
and tj corresponding to a modulus of 1.0 X 10^ were obtained for each flour. 
These values, together with the ratio of ij to T, are given in table 2. 

Of these flours, which are arranged in table 2 in order of increasing 17/ T, 
the first two. Nos. 893 and 898, did not, according to the baker, show any 
signs of shortness. On the other hand, the last three. Nos. 892, 899, and 
904, were all stated to be decidedly short. Of the three intermediate 
flours, Nos. 903 and 902 were rather short, while No. 911 was not short. 

The correlation between ri/T and shortness is therefore not perfect, and 
this may be due to one or more of the following reasons: 

(1) The impossibility of differentiating by feel any but comparatively 

large differences in shortness. 

(2) Shortness, while being mainly determined by structural viscosity 

and to a less extent by elastic modulus, may also be influenced 
by other factors which are not apparent at the moment. 

(3) The shortness of a test piece of dough from which the gas has been 

expelled may not be the same as that of the inflated parent 
dough which is examined by the baker. Shortness is more 
easily detected by feel in an inflated dough and is possibly in- 
fluenced by the vesiculated structure of the inflated dough. 

(4) While T gives a rough measure of viscosity, the value obtained 

may be so influenced by other factors that rj/T may give only 
an approximate value of structural viscosity. 

(5) Both 77 and T are not constants but are dependent on the stresses 

used in their determination. These stresses should approximate 
to those operating in the dough if exact correlation with bake- 
house experience is to be expected. The correct values for these 
stresses will only be found after considerable experience. In 
this connection it may be mentioned that the viscosities of the 
flours in table 2 were measured both at 600 and 200 dynes per 
square centimeter, but that the values of structural viscosities, 
as given by the ratio 17200/17600, were so similar as to fail to differ- 
entiate one flour from another. 

While therefore it is realized that the present methods of measuring 
structural viscosity and assessing shortness by feel are too imperfect to 
expect a close correlation between them in the case of the comparatively 
small differences between natural flours, there is little doubt that the two 
are intimately connected. 


SUMMARY 

1. It has been shown that the shortness (i.e., ease of tearing) of flour 
doughs is closely paralleled by the rate at which viscosity falls with increas- 
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ing stress (structural viscosity). A perfect correlation is not obtained, 
partly because neither property can be determined with great accuracy. 

2. The effect on stnictural viscosity of certain substances (fats, amino 
acids, etc.) known to alter the shortness of dough has been measured, and 
the nature of the processes involved discussed. 

3. The structural viscosities of doughs made from a batch of English 
flours have been determined, and it is found that the data are paralleled 
by fairly large differences in shortness as observed in the bakehouse. 

4. The significance of shortness in terms of heterogeneity of dough, and 
its relation to tensile strength and ductility are tentatively discussed. 

The authors wish to acknowledge their indebtedness to Dr. E. A. Fisher, 
Director of the Research Association of British Flour Millers, for his help 
and criticism in the writing of this paper. 
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INTRODUCTION 

When a soap acts as a detergent, it functions in a number of ways. Two 
of its most important functions are its action as an emulsifying agent and 
as a deflocculating agent. By emulsification, soap suspends oily materials ; 
by deflocculation, it suspends ^^inert^^ materials. Essentially both proc- 
esses are the same in effect, for each results in the dispersion of the foreign 
material in the soap solution in such fashion that it can be removed with 
the soap solution or rinse water. While oily material is suspended almost 
entirely by emulsification, some solvent action by the soap solution on oils 
undoubtedly occurs (11, 13). However, in the relatively dilute solutions 
used in most washing operations, the solvent powers of soap solutions arc 
small. 

The purpose of this investigation was to consider the mechanism whereby 
soaps render emulsions of oily materials and suspensions of *4nert” materials 
relatively stable. In this way it was thought possible to arrive at a more 
complete picture of the detergent action of soap. 

THEORETICAL 

In the case of oily materials emulsified by soap solutions in a w^ashing 
operation, it is doubtful that water-in-oil emulsions are ever formed; only 
oil-in-water emulsions result. Ellis (3) and Powis (12) have shown that 
the stability of oil-in-water emulsions is dejxjndent upon the value of the 
electric charge carried by the oil droplets. The higher the value of the 
charge, the more stable is the emulsion. 

The oil droplets of an oil-in-water emulsion usually carry a negative 
charge. Since the hydrocarbon tail of the fatty-acid ion of a soap resem- 
bles the molecules of an oily material, the two should be more or less 
mutually soluble. If an oil droplet acquires the negative ion of a soap by 
dissolving this hydrocarbon tail, it also acquires the charge carried by the 
ion. In this way the negative charge of the oil droplet may be built up, 
and hence the stability of the emulsion increased. 

821 
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In the case of the ‘^inert’^ materials, it seems probable that a similar 
phenomenon would occur. Most particles, when suspended in water, 
assume a potential negative to that of water. The adsorption of a negative 
ion by such a particle serves to increase the negative potential. The mag- 
nitude of this effect on the potential increases with the valence of the ion 
adsorbed. For instance, the ferrocyanide ion increases the negative po- 
tential of graphite more than does the chloride ion (1). 

McBain and his coworkers (8) have explained the anomalous conduc- 
tivity of soap solutions by assuming the formation of colloidal micelles 
bearing a high electric charge-density. The formation of these micelles 
involves the fatty-acid ions of the soaps, and the micelles bear a negative 
charge. This high charge-density is analogous to a high negative valence. 
In view of the valence effect of ions on the electric potential, referred to 
above, it seems probable that, owing to the adsorption of these highly 
charged micelles, a soap should have a large effect on the potential of 
particles of inert materials suspended in a solution of the soap. 


TABLE 1 

Fatty acids used in the preparation of soaps 


ACZO 

EASTMAN 

CATALOG 

NO. 

MELTING 

POINT 

BAPONIPX* 

CATION 

NUMBER 

IODINE 

NUMBER 

Caprylic 

665 




Laurie 


272.7 


Myristic 

1116 

53 8 


Palmitic 

1213 

61.9 



Stearic 

402 

68 5 

196.3 

0.54 

Oleic 

7.1 

197.5 

92.9 




The effect of soap solutions on the charge of both the oil droplets of an 
emulsion and the particles of a suspension of an inert material can be deter- 
mined by measurement of the zeta potential in an electrophoresis cell. 
This has been done in this investigation, and the results are reported be- 
low. An attempt has also been made to correlate the stability of the sus- 
pension of an inert material in soap solutions with the value of the zeta 
potential. 

MATERIALS 

Table 1 lists certain fatty acids from which the sodium and potassium 
salts were prepared according to the method of Ferguson and Richardson 
(4). It also includes the available constants and information as to sources 
of the acids. 

Two oils were investigated, one a paraffin oil and the other a cottonseed 
oil. Neither oil contained more than 0.03 per cent free fatty acid calcu- 
lated as oleic acid. 
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The inert material used in the majority of the electrophoresis experiments 
was a bleaching carbon Nuchar GL, made by the Industrial Chemical Sales 
Company of Chicago. It contained 1.85 per cent water-soluble ash and 
was grease-free. This carbon was screened to remove particles larger 
than 1 mm. in diameter. 


APPARATUS 

The electrophoresis apparatus was of the Northrop-Kunitz (9) type, 
and was obtained from the Arthur H. Thomas Company of Philadelphia, 
Pa. In order to work at elevated temperatures, a jacket was built 
around the apparatus and the desired temperature maintained by a thermo- 
regulator and electric heater. Extensions were attached to the stopcock 
handles so that they could be manipulated from outside the jacket. 

A potentiometer, used in conjunction with an assembly similar to that 
suggested by Gibbard (5), was employed to measure the potential drop 
across the electrophoresis cell. 

EXPERIMENTAL PROCEDURE 

The solutions were prepared directly from weighed amounts of the dry 
salts, including soaps, and freshly boiled distilled water which had not 
been allowed to cool. The solutions were brought directly to the desired 
temperature. 

In order to prepare the emulsions, 1 cc. of the oil was shaken with 100 
cc. of the water or solution. The excess oil was removed before the emul- 
sion was used. To prepare the suspensions of inert materials, 0.1 g. of the 
solid was shaken with 100 g. of the solution. 

When the electrophoretic velocity was to be determined, the suspension 
or emulsion was placed immediately in the electrophoresis cell, the velocity 
of the particles or globules determined with a stopwatch in the usual man- 
ner, and the potential drop across the cell measured. The microscope 
was focused at the level given by the equation 



where d is the depth of the cell and x is the lower stationary level (a level 
at which the velocity of the liquid is zero).^ Measurements of velocities 
were made only on particles from 1 to 3 micra in diameter and only on oil 
droplets of about 3 micra in diameter. Particles and globules of these 
sizes could be easily chosen in the microscopic field. The formation of a 
gel in the electrophoresis cell was found to cause mechanical disturbances 

' The cell employed in this investigation was 0.940 mm. deep, and, following the 
above formula, the microscope was focused 0.198 mm. up from the bottom of the cell. 
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which interfered with the motion of the particles. Measurement of the 
velocity at 60® or 76®C. avoided this diflSculty. At these temperatures, 
none of the solutions investigated formed gels. 

When the actual stability of the suspensions formed was to be deter- 
mined, the solutions containing the dispersed carbon were placed in 4-oz., 
oil-sample bottles, stoppered, and allowed to stand sixteen hours in an 
air thermostat at approximately 60®C. At the end of this period, the 
relative stability of the suspensions could be determined by visual inspec- 
tion. The maintenance of a temperature of 60®C. prevented the formation 
of a gel by the soaps. 

All pH measurements were made with a glass electrode. 


CALCULATIONS 


The electrokinetic potential can be calculated from the electrophoretic 
velocity by the equation 


f = 


4ir m 


( 2 ) 


in which f is the electrokinetic potential, rj the viscosity of the medium, 
V the velocity of the particle, X the potential gradient, and D the dielectric 
constant of the medium. All units are c.g.b.e. units. 

Burton (2) has shown that, in the case of a silver sol, variation of the 
viscosity by changing the temperature produces a corresponding change in 


Gil- 


(V) 

the velocities of the particles so that the product rt is a constant. 

(A) 

ford (6) has shown that, for a number of substances, temperature varia- 
tion of the electrophoretic velocity depends only on the change of viscosity 

(F) 

of the liquid phase. If the product rj is constant, then the product fD 

is also constant. Since D varies with the temperature, zeta must also 
vary. Hence, the value of zeta may be calculated from equation 2 for 
any temperature at which D is known. 

The potentials (in millivolts) reported below are calculated to 25®C. 
The value of D at 25®C. was taken to be 78.6 (14). Although a comparison 
is made between these potentials at 25®C. and the stability of the suspen- 
sions obtained at 60®C., no discrepancy is introduced. Calculation of the 
potentials to 60®C. instead of 25®C. would shift all values by the same per- 
centage, so that the relative order would remain the same; in this com- 
parison only the relative order is considered. 

Besides the potentials calculated from equation 2, the velocities actually 
observed, and from which the potentials were calculated, are listed. Since 
the velocities were obtained at various temperatures, these data cannot be 
compared with one another. The velocities are reported in micra per 
second per unit potential gradient. 
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RESULTS 

The effect of sodium olcate on the zeta potentials of the oil droplets of 
two emulsions, one of a paraflSn oil and the other of a refined cottonseed 
oil, was determined. Table 2 lists the results. The oil droplets bore an 
initial negative charge; this was increased by the presence of sodium oleate 
in the aqueous phase. 

In the light of the work of Ellis (3), Powis (12), and others, these results 
indicate that the stabilization of oil-in-water emulsions by soap is due to 
the ability of soap to increase the negative charge of the oil droplets. 
Powis has shown that an emulsion is relatively stable if the oil/water 


TABLE 2 

Effect of sodium oleate on zeta potential of oil droplets of two oil-in~waler emulsions 


OIL PHA8K 

AQUKOUS PHAHS 

VELOCITY AT 

28 *C 

ZETA 

POTENTIAL 

Paraffin oil 

Water only 

ti/»ee Ivoltfem. 

7 1 

mtUtvoltts 

-86 

Paraffin oil . . ... 

0 0036 Af sodium oleate 

12 5 

-151 

Cottonseed oil . . 

Water only 

6 1 

-74 

Cottonseed oil . . 

0 0036 M sodium oleate 

11 6 

-140 


TABLE 3 

Effect of a soap solution on zeta potential of different materials 


MATERIAL 

WATER 

SOAP SOLUTION 

Veloci^ 
at 28 "C 

Zeta 

potential 

Velocity 
at 28 *C. 

Zeta 

potential 


ulsec.l 
volt/cm, j 

mxllxvoltif 

n/see / 
volt/cm. 

mxllxvolts 

A carbon black . . 

4 5 

-60 

5 3 

-71 

A water-insoluble dye. . . 

4 6 

-62 

5 9 

-79 

Ferric oxide ... 

2 1 

-28 

5 8 

-78 

A strain of staphylococci bacteria 

2 8 

-34 

4 1 

-49 


potential difference is greater than a definite critical value of approximately 
30 millivolts (plus or minus). If the potential falls below this critical 
value, the emulsion breaks. The extraordinarily high values of the zeta 
potential obtained with the emulsions made with sodium oleate listed in 
table 2 indicate that these emulsions are very stable. This result is in 
agreement with the exceptionally good emulsifying powers of soaps. 

It was next desired to determine the general effect of soaps on the charge 
of various inert particles. Table 3 lists the velocities and potentials ob- 
served for a number of different materials, first in distilled water and then 
in a dilute solution of a commercial soap. All these materials showed an 
inerease in the negative zeta potential of the particles when placed in the 
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soap solutions over that observed in water. The data of table 3 indicate, 
therefore, that these particles adsorb the negative constituents of the soap. 

The remainder of the study was continued with a single material, the 
bleaching carbon described under “Materials”. While it is known that 
the value of the seta potential depends upon the history of the carbon (10), 
nevertheless a single carbon can be used to determine the relative effect of 

TABLE 4 


Effect of concentration of eoape on zeta potential of carbon particles 
(a) Sodium oleate at 28°C. (b) Sodium palmitate at 60°C. 


CONCENTRATION 

VELOCITY 

ZETA 

POTENTIAL 

CONCENTRATION 

VELOCITY 

ZETA 

POTENTIAL 

moles per liter 

ptlaec.lvoUJcm. 

mUlivelta 

molea per liter 

lAfaec.lvoUfem. 

millivolta 

0.0007 

6.5 

-78 

0.0007 

10.7 

-73 

0.0013 

6.6 

-80 

0 0014 

11.0 

-74 

0.0023 

6.7 

-81 

0.0021 

10.7 

-73 

0.0026 

6.9 

-83 

0 0036 

10.2 

-69 

0.0033 

7.3 

-88 

0 0054 

12.0 

-81 

0.0039 

7.4 

-89 

0 0072 

11.0 

-74 

0.0049 

7.4 

-89 

0 107 

11 2 

-76 

0.0056 

7.2 

-87 




0.0066 

6.9 

-83 




0.0082 

6.6 

-80 




0.0099 

6 8 

1 

oo 





TABLE 5 

Effect of various salts on zeta potential of carbon particles 


COMPOUND, 0.0036 M 

VELOCITY AT 28®C. 

ZETA POTENTIAL 


n/ sec. /volt Jem. 

millivolta 

Water 

4 3 

-52 

Sodium acetate 


-41* 

Sodium sulfate 

4.7 

-57 

Trisodium phosphate 

5.2 

-63 

Potassium ferrocyanide 

5.0 

-60 

Sodium oleate 

6.9 

-83 


* From velocity measurement at 75°C. 


different salts on the potential. This was done in order to obtain the data 
reported below. 

Table 4 lists the data showing the effect of concentration of two different 
soaps on the electrophoretic velocity and zeta potential of the carbon parti- 
cles. The effect of concentration over the short range investigated is 
small, as the data of table 4 show. Previously published data for salts 
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(1) show that the relationship between the potential of the suspended 
particle and the concentration of the dissolved salt is complex. In the 
range of concentration studied in this investigation, concentration is not 
an important factor in the value of the zeta potential, and as the data of 
table 4 show, no significant differences were observed. The concentrations 
investigated center about those used in laundry practice. 

The data listed in both tables 3 and 4 are in agreement with a hypothesis 
that the negative ions or negatively charged ionic micelles of soaps are 
adsorbed by an inert surface. This, in itself, is not unexpected, for the 
adsorption of ions of salts by inert surfaces is a general phenomenon. How- 
ever, in order for this adsorption to result in a stable suspension of the 


•90 
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Fig. 1. Effect of increasing length of the fatty-acid chain on the zeta potential. 

particles, the electric charge developed on the particles must be fairly 
high. Therefore, the magnitude of the effect of soaps on the zeta potential 
was compared with that of other salts. 

In table 5 is shown the effect of salts containing negative ions of different 
valences on the zeta potential of the carbon particles suspended in their 
solutions. It is evident that the increase in potential produced by sodium 
oleate was appreciably greater than that produced by the other salts. 

In table 6 are shown the values of the zeta potential obtained when the 
carbon was suspended in solutions of the sodium and potassium salts of 
some of the saturated fatty acids. These data are plotted in figure 1, 
showing that the effect on the zeta potential is greater with the salts of 
the higher homologs (the soaps) than with the lower members of the 
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series, and that the effect increases in a fairly regular order as the length of 
the carbon chain of the fatty acid increases. 

Reference to table 7 shows that the alkalinity of the solutions of the 
sodium salts of the saturated fatty acid series increases with the length of 
the carbon chain of the fatty acid. It was necessary to determine whether 
the potentials observed for the soap solutions could be ascribed to this 


TABLE 6 

Zeta potentials obtained with sodium and potassium salts of certain fatty acids 


COMPOUND, 0.0036 M 

VBLOCITT AT 76*C 

BXTA POTaNTXAL 



mUlivoltB 

Sodium acetate 

7 4 

-41 

Sodium butyrate 

7.6 

-42 

Sodium caprylate 

9 5 

-52 

Sodium laurate 

9 1 

-50 

Sodium myristate 

11 2 

-61 

Sodium palmitate 

12.3 

-67 

Sodium stearate 

15.4 

-84 

Potassium acetate 

7.4 

-41 

Potassium caprylate 

7.6 

-42 

Potassium laurate 

11.2 

! -61 

Potassium myristate 

10 3 

-56 

Potassium palmitate 

12.3 

-67 

Potassium stearate 

12 7 

-70 


TABLE 7 

pH of sodium salts of some of the fatty acids 

COMPOUND, 0.0036 M 


pH 


Sodium acetate 

Sodium butyrate 

Sodium caprylate 

Sodium laurate 

Sodium myristate 

Sodium palmitate 

Sodium stearate 


7.8 
7.4 
7.6 
8.3 
10 0 
10.8 
10.7 


alkalinity. To do this, the effects of the addition of hydrochloric acid 
and of sodium hydroxide to solutions of sodium acetate and of sodium 
palmitate were determined. The data are listed in table 8. 

The alkalinity of the soap solutions is not sufficient to account for their 
large effect on the zeta potential of the carbon particles suspended in them. 
The sodium acetate solutions did not have as great an effect as did similar 
solutions of sodium palmitate with the same concentration of hydroxyl 
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ions. One should note, however, that in order to obtain the high potential 
with sodium palmitate, it is necessary for the solution to be alkaline. 

The effect of mixtures of fatty acids comprising the soap is shown in 
table 9. In this table are presented data obtained for soaps made from 
mixtures of oleic and stearic acids. It is apparent that there is no essential 

TABLE 8 

Effect of varying the pH of solutions of sodium acetate and of sodium palmitate on the 

zeta potential 


(a) Sodium acetate, 0.0036 M (b) Sodium palmitate, 0.0036 M 


pH 

SBAGXNT 

VELOCITY 

ZETA 

pH 

REAGENT 

VELOCITY 

ZETA 

ADDED 

AT 60*C. 

POTENTIAL 

ADDED 

AT eo-c 

POTENTIAL 



n/sec.lvidtl 

cm. 

millitoLts 



n/aec./volt/ 

cm 

mtUtvoUa 

4 1 

HCl 

4 5 

-30 

2 8 

HCl 

3 9 

-26 

5 4 

HCI 

5 6 

-38 

3 8 

HCI 

7 0 

-47 

8 0 


7 2 

-49 

4 7 

HCI 

7 4 

-50 

9 1 

NaOH 

7 5 

-51 

7 6 

HCI j 

11 8 

-80 

10 0 

NaOH 

8 1 

-55 

8 5 

HCl 

10 1 

-68 

10 2 

NaOH 

7 5 

-51 

9.3 

HCl 

11 3 

-72 

11 4 

NaOH 

7.8 

-53 

10 1 

HCl 

11.3 

-72 





10 8 


10 3 

-70 


TABLE 9 


Effect of soaps made from mixtures of oleic and stearic acids on zeta potential 


STEARIC ACID IN FATTY ACID 
MIXTURE MAKING UP SOAP 

VELOCITY AT 75*C. 

POTENTIAL 

per cent 

ft/ sec. 1 volt /cm. 

rntlltvoUs 

0 

13 2 

-72 

10 

13 4 

-73 

20 

14 9 

-82 

30 i 

13 6 

-75 

40 

14 4 

-79 

50 

13 4 

-73 

60 

14 2 

-78 

70 

12 6 

-69 

80 

13 2 

-72 

90 

14 0 

-77 

100 

15 4 

-84 


difference in the effects observed for the various mixtures. The potentials 
are of the same order of magnitude as those observed for pure sodium palmi- 
tate or stearate. 

By the method described above (experimental procedure), a rough corre- 
lation was obtained between the stability of the suspension of the carbon 
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particles in various soap and salt solutions and the zeta potential. In 
figure 2 is shown a comparison between^he potentials observed with the 
sodium salts of the fatty acid series (tal^ 6) and the relative stability of 
the suspension of the carbon in solutions of the sodium salts of this series. 
Although the method of determining the stability was very rough, the 
relative order of the stabilities of the suspensions formed could be ascer- 
tained easily. 



Fia. 2. A comparison of the values of the zeta potential with the stability of the 
suspension formed. The curve represents the values of the zeta potential for carbon 
particles immersed in the indicated solution. The heights of the heavy bars repre- 
sent the stability of the suspension formed. The relative order of stability only is 
indicated. 

Compared with the soaps, the inorganic salts listed in table 5 were not 
good suspending agents. This is in agreement with the relatively low 
zeta potentials observed. 


DISCUSSION OP RESULTS 

Emulsification of oily material and deflocculation of inert material 
constitute two of the primary functions of a detergent after the dirt has 
been removed from the surface to which it was attached. The data pre- 
sented above indicate that soap solutions perform both of these important 
functions by essentially the same mechanism. The results indicate that 
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both the globules of an oil-in-water emulsion and the particles of a suspen- 
sion of an inert material show’ an increase in the values of the zeta potential 
when a soap is present in the aqueous phase. This increase in potential 
is definitely larger than that observed with other salts. While the numeri- 
cal value of the zeta potential is not always very much greater in the pres- 
ence of a soap, nevertheless it is possible that only a certain critical poten- 
tial must be reached to form a relatively stable suspension. Powis (12) 
has shown this to be true of emulsions. It also appears to be true for the 
carbon black investigated here. The value of this critical potential prob- 
ably varies with the kind of material and size of the particles, according to 
Stokes^ law. 

This increase in the zeta potential must be due to the acquisition of the 
negatively charged constituents of the soap, either the single ions or, more 
likely, the ionic micelles postulated by McBain (7). The actual mecha- 
nism of the acquisition of these negative constituents may be different in 
the two cases. In the case of the emulsion of an oil, mutual solubility of 
the hydrocarbon tail of the fatty-acid ion of the soaps and of the oil may 
be the means of the acquisition. When inert, materials are involved, an 
adsorption at the surface may take place, or a process involving the capil- 
lary action of the soap solution may occur. In either case, the result is 
apparently the same. The high charge resulting from the acquisition of 
the negative constituent of the soap stabilizes the emulsion or suspension, 
and in this W’ay the dirt can be removed from the vicinity of the surface to 
w hich it was attached. 

The deflocculating action of soap solutions has been suggested by 
iVIcBain (8) and others as a means of evaluating the detergent pow ers of 
soaps. The methods proposed consist in the determination of the actual 
amount of a given material that can be held in suspension by a soap solu- 
tion under certain standard conditions. If, as is here suggested, the 
ability of the soap solution to hold the material in suspension depends upon 
the magnitude of the effect on the zeta potential of the particles of the 
suspension, then measurement of the zeta potential affords a rapid method 
of evaluating a detergent. The ability to emulsify can also be determined 
in this way. How^ever, the method wdll require considerable refinement to 
be of practical value. 


SUMMARY 

The effect of soaps on the zeta potential of the oil droplets of typical 
oil-in-w^ater emulsions and on the zeta potential of certain ^^inert'^ ma- 
terials has been investigated. In both cases the presence of soap increased 
the value of the (negative) zeta potential. Very high values of the zeta 
potential were obtained for oil globules of emulsions, and these are con- 
sidered sufliciently high to account for the stability of the emulsions. The 
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zeta potentials of the particles of an inert material suspended in soap solu- 
tions were appreciably higher than those obtained in solutions of other 
salts. In the case of the salts of the fatty-acid series, over the range in- 
vestigated, the potential increases with the length of the carbon chain 
of the fatty acid present in the salt. It has been shown that the free alkali 
present in soaps is not sufficient to account for the large effect of soaps on 
the zeta potential. At 75®C., soaps prepared from mixtures of oleic and 
stearic acids have the same effect as soaps prepared from the individual 
fatty acids. 

It has been shown that soaps producing a high negative potential on 
certain carbon particles also form a stable suspension of the carbon. Con- 
versely, salts which do not alter the potential of the carbon particles to 
any great extent do not form stable suspensions. 

This effect of increasing the zeta potential of the oil droplets of an emul- 
sion and of the particles of a suspension is suggested as the mechanism 
whereby soaps act as emulsifying and deflocculating agents. 

Measurement of the effect of a solution of a soap on the zeta potential 
of the oil droplets of an emulsion or of the particles of a suspension is 
suggested as a means of evaluating the detergent powers of a soap. 

Our thanks are due to Professor T. F. Young of the University of Chicago 
for his kind interest and advice in the preparation of this material for 
publication. 
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OPTICAL DIFFICULTIES WITH THE CYLINDRICAL 
CATAPHORESIS CELL 
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Received May B9, 1986 

In the cylindrical cataphoresis cell described by Mattson (1, 2) it should 
be of interest to know what optical precautions must be taken to obtain 



Fig. 1. Cylindrical cataphoresis cell. All depths are measured down from the 
top, A. Z) is the point or zone desired. AF is the radius of the cell. AD is (R — 
R/V 2) or 0.293/2. AC is the depth observed when light enters the cell at the depth 
AD (0.293/2). AD is the depth observed when light enters at the depth AE (0.377/2). 
AJ? is the * ‘blind spot,” or the depths that cannot be seen until light enters at a depth 
greater than AB, 

observations at the correct depth in the cell. This depth is that at which 
the velocity of the liquid due to endosmosis is zero and is calculated (2) 
to be {R (radius) ~ R/\^ 2), or 0.293-B measured vertically down from the 
top of the solution in the cell. 

If the light beam enters the front of the cell at this depth and the micro- 
scope is focused on the beam in the cell, the observations made on the 
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cataphoretic velocities of the particles do not represent the true velocities 
unaffected by the velocity of the liquid. The light beam does not pass 
from the glass to the liquid normal to the interface, and the refractive in- 
dex of the glass is appreciably different from that of the water which is 
usually the continuous phase of the sol. Thus, the li^t beam is bent up- 
ward (figure 1) to a depth of 0.19512 from the top, midway between the 
front and back of the cell. To obtain illumination at the correct depth, 
the light beam should enter the liquid at a depth of 0.37712. 

The index of refraction of water and glass have been taken as 1.342 and 
1.515, respectively, for the above calculations. If n„ for water were 1.35, 
owing to the salt content, the resulting discrepancy is but slightly different 
from that calculated. It is interesting to note that in the zone (0 to 0.114) 
R, there is a “blind spot” where the particles should not be observed, since 
the light beam is reflected outside the glass-water interface. It should 
also be noted that the front air-glass interface should be perpendicular to 
the light beam, or the possibility of error in the position of the light beam 
in the cell will be increased. 
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SURFACE SPREADING AND SURFACE SOLUTION OF 
POSITIVELY ADSORBED SUBSTANCES 
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It was observed by Miss Pockels (1) that various substances when 
touched to clean talc-dusted water surfaces cause streaming motions out- 
ward from the point of contamination. Although she did not then dis- 
tinguish explicitly between the behavior of soluble and insoluble substances, 
in a later paper (2) it is clear that she considered the process of surface 
spreading essential to the phenomena of positive adsorption. In continu- 
ing and extending Miss Pockels' experiments, using soluble substances, 
we have found that all of those that low^r the surface tension of water 
spread in the surface to form films, this surface spreading being an inter- 
nu'diate step in the process of solution. Thus, a fragment of hydrocin- 
namic acid, or a droplet of phenol, or of caprylic acid touched to a talc- 
dusted water surface immediately produces a circular patch cleared of 
talc, exactly as if an insoluble spreading oil had been applied, and on 
removal of the source this patch quickly contracts and disappears. A 
surface may be completely contaminated in this way many times and no 
permanent film result, showing that the momentary contamination was due 
to the soluble material alone. The same phenomenon occurs with cam- 
phor on water, and, as further examj)les, with the following substances: 
acetic acid, gelatin, aniline, hydrogen chloride, ethyl alcohol, abietic acid, 
bcnzamide, ammonia, ethyl acetate, potassium laurate, benzoic acid, 
sodium silicate, acetone, triethanolamine, hydroquinone, carbon dioxide. 

This process of surface solution is extremely rapid, undoubtedly because 
the substances spread out into films against limitlc'ss boundaries, there 
rapidly achieving maximum extenuation and contact with w ater short of 
actual solution. In these films the area available for escape of indi\idual 
molecules has been enormously increased. Whether solution actually 
occurs at a greater rate per unit area of monomolecular film than of sub- 
merged surface is not knowm. As expected, however, completely sub- 
merged droplets, or fragments, which have no surfaces available into which 
their oriented surface layers can spread, dissolve very slowly. The great 
difference in the rate of solution of certain partially immersed solid sub- 
stances at the water surface and beneath it has been observed by Pockels 
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(2) and by Volmer and Mahnert (4) and by others. We have found a 
striking demonstration of this fact by use of a droplet of phenol, which if 
submerged in water will remain apparently unchanged for several hours, 
but if brought into the surface will spread and completely dissolve in a 
fraction of a second; or by observing the surface of a fine aqueous suspen- 
sion of hydrocinnamic acid, in which random, spontaneous areas of spread- 
ing — ‘Tockels^' (5) — ^appear, evidently caused by arrival in the surface of 
wandering particles previously submerged and undissolving. 

Surface solution is a factor even in the dissolving of submerged frag- 
ments, because particles break off from the crystal mass as observed by 
Traube (3) and wander away, owing to Brownian motion and convection 
currents and perhaps owing to reaction of their escaping surface molecules 
against both particle and solution, and eventually enter the surface where 
they disperse by spreading. In confirmation of this, observations of clean 
water surfaces beneath which crystals of hydrocinnamic acid were sub- 
merged disclosed ‘Tockels’’ exactly similar to those obtained with the 
hydrocinnamic acid suspension previously referred to. 

Many substances are dissolved in the industries by putting them on 
trays near the surface of water, thus utilizing the stirring action resulting 
from changes in density to accelerate the process of solution. In the case 
of materials like phenol, surface spreading is perhaps often another impor- 
tant, and unrecognized, factor in hastening the rate of solution. Ob- 
viously, such materials should be partly exposed above the surface. 

In considering the relation between adsorption and surface tension, the 
mechanism of surface solution assumes theoretical importance in view of 
Miss Pockels^ belief that solutions of all capillary-active substances are 
colloidal or subcolloidal in nature (2), and of Traube’s ultramicroscopic 
evidence (3) that subcolloidal particles, or “microns”, represent an inter- 
mediate stage both in the dissolving of crystals and in the growth of crys- 
tals from solution, and that they may even enjoy a stable existence in 
solutions of many substances. 
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TRODES FOR THE MEASUREMENT OF THE ACTIVITY OF 
THE HYDROGEN ION IN SUCROSE SOLUTIONS 

H. P. CADY AND J. D. INGLE 

Department of Chemistry^ University of Kansas j Lawrence^ Kansas 
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INTRODUCTION 

In the determination of the activity of the hydrogen ion in acidified 
sucrose solutions by electromotive force methods, the hydrogen electrode 
has been used by a number of investigators, including W. C. M. Lewis and 
his associates (1, 3, 6), Tajdor and Bomford (9), who found that the hydro- 
gen-ion activity increases during the inversion of sucrose by acid, and by 
Sc.atchard (8), who found that the hydrogen electrode does not give reliable 
values of the hydrogen-ion activity in sucrose solutions. 

We thought that the glass electrode (2, 5) might be used to measure 
accurately the activity of the hydrogen ion in sucrose solutions. We used 
the quinhydrone electrode for comparison. 

EXPERIMENTAL PROCEDURE 

Silver-silver chloride electrodes were used as standard reference elec- 
trodes. They were prepared as suggested by Maclnnes and Beattie (4). 

The glass electrodes w'ere prepared as recommended by Maclnnes and 
Belcher (5). The quinhydrone electrodes used were flat pieces of plati- 
num, 2x1 cm. All of the solutions used in the measurements were 0.1 
molal with respect to hydrochloric acid and 0.1 molal with respect to the 
other constituent, either sucrose, dextrose, or levulose. All of the measure- 
ments w^ere carried out at 30°C. 

APPARATUS 

The electrical measurements made using the quinhydrone electrode were 
made with a Leeds and Northrup Type K potentiometer and a Leeds and 
Northrup high sensitivity Type R galvanometer. 

The electrical measurements using the glass electrode were made with a 
circuit including a space charged grid tube, the G.E.F.P. 54 Pliotron. A 
diagram of this circuit is shown in figure 1. 

The glass cell used in making measurements of e.m.p. between the silver- 
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silver chloride half-cell and the glass electrode is shown in figure 2. The 
first series of measurements with the quinhydrone electrode was made in 
this cell. 

The half-cell used in the experiments involving a number of electrodes is 
shown in figure 3. 


TABLE 1 


E. M. F. measurements with the cell 



0.1 M Sucrose 1 



Pt 

0.1 M HCl I 

Quinhydrone ] 

0.1 M HCl 

0 1 M HCl 


TIME 

E M P 

TIME 

E M F. 

kri< 

mtns 

volln 

hrs. 

THiriH 

volts 


10 

0 3456 

27 

30 

0 3446 


30 

0 3455 

33 

30 

0 3443 

1 

30 

0 3454 

43 

30 

0 3436 

3 

30 

0 3454 

47 

30 

0 3434 

6 

30 

0 3454 

53 

30 

0 3432 

18 

30 

0 3448 

66 

30 

0 3423 

24 

30 

0 3446 

72 

i 

0 3419 


TABLE 2 


Measurements made between pairs of platinum electrodes immersed in 0.1 7nolal hydro- 
chloric acid containing quinhydrone 
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DATA 

The data in table 2 represent measurements made between pairs of 
platinum electrodes immersed in 0.1 molal hydrochloric acid containing 
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TABLE 3 

Measwremenis of E. M, F. 


TIMS 


hrs. 

mins. 


20 


50 

1 

50 

3 

20 

7 

35 

21 

35 

31 

35 

55 

35 

72 




20 


50 

1 

50 

3 

20 

7 

35 

21 

35 

31 

35 

55 

35 

72 



X. M. F. IN VOLTS 


■ 

II 

Ill 

IV 

V 

F, 

Ag 

F. 

A. 

Ivd. 8. 

Ag 

Ig.S. 1 A( 

A. 

Ag 

0.34377 

-0.00100 

0.34521 

0.34304 

0.34476 

0.34409 

-0.00058 

0.34507 

0.34491 

0.34467 

0.34431 

-0.00033 

0.34496 

0.34480 

0.34456 

0.34429 

-0.00023 

0.34488 

0.34473 

0.34449 

0.34450 

0.00021 

0.34469 

0.34459 

0.34425 

0.34463 

0 00120 

0 34395 

0 34387 

0.34338 

0.34494 

0.00225 

0 34338 

0 34323 

0.34260 

0.34495 

0.00491 

0 34116 

0 34104 

0.33996 

0.34516 

0.00719 

0 33973 

0.33948 

0.33790 

VI 

VII 

VIII 

IX 

X 

A. 

Ivd. 8, 

A. 

Ig. 8. 




Ivd. 8. 

F. 

0.00045 

0.00028 

0 00017 

-0.00127 

-0.00144 

0.00040 

0 00024 

0.00016 

-0.00082 

-0.00098 

0 00040 

0 00024 

0.00016 

-0 00049 

-0.00065 

0.00039 

0.00024 

0 00015 

-0.00044 

-0.00059 

0.00044 

0.00029 

0.00010 

-0.00009 

-0 00019 

0.00057 

0.00049 

0 00008 

0.00076 

0.00068 

0.00078 

0.00063 

0 00015 

0.00171 

0.00156 

0.00120 

0.00108 

0 00012 

0-00391 

0.00379 

0 00183 

0.00158 

0 00025 

0.00568 

0.00543 


TABLE 4 


E. M, F, measurements using a glass electrode 
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0.45 

1.5 

0.45 

0.41 

3.5 

0.42 

0.40 

7.5 

0.42 

0,42 

21.5 

0.43 

0.48 

31.5 

0.36 

0.43 

43.5 

0.42 

0.40 

51.5 

0.44 

0.46 

72.0 

0.40 

0.43 
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quinhydrone. All pairs of electrodes were connected by liquid bridges of 
0.1 molal hydrochloric acid. Substances added to the cells are indicated 
at the top of each column. F stands for “freshly prepared electrode’’, D 
for “dextrose”, L for “levulose”, Ivd. S. for “inverted sucrose”, and A indi- 
cates “the original acid and quinhydrone with nothing added”. All sub- 
stances added had concentrations of 0.1 molal. 

The symbols used in table 3 are the same as those in table 2. The addi- 
tional symbol Ig.S., meaning “inverting sucrose”, is also used. Ag is used 
to indicate a Ag-AgCl electrode in 0.1 molal hydrochloric acid, in place 
of a quinhydrone electrode. 


DISCUSSION 

The data in table 1 indicate a large apparent decrease in the hydrogen- 
ion activity during the acid inversion of sucrose. Such a large decrease in 
the activity, however, appears improbable. 

The data in tables 2 and 3 show that the potential of a quinhydrone 
electrode in old hydrochloric acid solution changes with the passage of 
time. 

The data in tables 2 and 3 also show that the inverting sucrose, the in- 
verted sucrose, the dextrose, and the levulose all have about the same effect 
upon the potential of a quinhydrone electrode. In fact they seem to affect 
the potential of the electrode very little. 

The data in columns III, IV, and V of table 3 indicate that the potential 
of the quinhydrone electrodes in the old hydrochloric acid solution, the 
inverting sucrose, and the inverted sucrose solutions, all become less posi- 
tive with respect to the silver-silver chloride half-cell as time passes. Now 
since the potential of the quinhydrone electrode depends solely upon the 
activity of the hydrogen ion and the ratio of the activity of the quinone to 
the activity of the hydroquiiione, and since it is not probable that the 
activity of the hydrogen ion has changed in this closed system, it is evident 
that the drop in potential must be due to a decrease in the above-mentioned 
ratio to some value less than unity. Thus either the activity of the quin- 
one must have decreased or the activity of the hydroquinone must have 
increased. Now the quinone is Icnown to be a fairly strong oxidizing agent ; 
it can add hydrochloric acid in a concentrated solution of hydrochloric 
acid. Biilmann has shown that the change in potential of the quinhydrone 
electrode in dilute hydrochloric acid solutions is due to some action of the 
hydrochloric acid on quinone. This being the case, the activity of the 
quinone would be reduced and the voltage of the electrode would be re- 
duced. Since the decrease in potential for the electrodes in the inverting 
and inverted sucrose solutions is so very nearly the same, we can conclude 
that the formation of the inversion products of sucrose has little or no 
effect on the potential of the quinhydrone electrode. This also indicates 
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that it makes no difference whether the inversion products are all present 
at once or whether they are formed in the acid solution as time goes by. 
Since the only other substance present is the hydrochloric acid, we must 
assume that it is the hydrochloric acid that is causing the change in po- 
tential of the electrode. This is also borne out by the fact that the old 
hydrochloric acid solution which was in contact with the quinhydrone for 
three days showed an even more pronounced effect upon the potential of 
the electrode than did the solutions which contained the inversion products 
of sucrose. The fact that the electrode in the inverting and inverted 
sucrose solutions gave a constant difference of potential during the whole 
seventy-two hours, would indicate that the rate of change of potential of 
both electrodes is the same. The data in column VIII of table 3 show the 
truth of the above statement. 

Columns VI and VII of table 3 indicate that the potential of the elec- 
trode in the old hydrochloric acid solutions becomes less positive more 
rapidly than does the potential of either the electrode in the inverting or 
that in the inverted sucrose solutions. 

The data in column VIII of table 2 indicate that the rate of change of 
potential of the quinhydrone electrode in a solution containing levulose is 
the same as that for an electrode in a solution containing dextrose. Thus 
the data of tables 2 and 3 indicate that the products of inversion of sucrose 
have little or no effect, either separately or collectively, upon the potential 
of the electrode. 

The data in column I of table 3 confirms the conclusions of Morgen, Lam- 
mert, and Campbell (7), i.e., the potential of the quinhydrone electrode 
can be accurately reproduced only when care is taken to clean and dry the 
electrode before use. In our experiments the electrode after use in the 
acidified quinhydrone solution was left in the solution until time for the 
next measurement on a fresh solution, at which time it was washed with 
distilled water and transferred to the freshly prepared quinhydrone solu- 
tion. It may be seen that the potential of the electrode, used in the above 
manner, showed an increase. This would indicate that the amount of 
oxidation, i.e., the oxidizing agent, in the cell had increased. Now each 
time the electrode was placed in a fresh solution, the electrode came in 
contact with the air; also the solution was thoroughly shaken to dissolve 
the quinhydrone quickly. If oxygen from the air were absorbed on the 
platinum surface there is a possibility that some hydroquinone was oxi- 
dized to quinone and thus the potential of the electrode was slightly raised. 

The data in table 4 show that the e.m.p. of the glass electrode with 
respect to the silver-eilver chloride half-cell remains constant throughout 
the acid inversion of sucrose. Since the e.m.p. remained constant through- 
out the inversion, it follows that the activity of the hydrogen ion remained 
constant also. Thus it is seen that the hydrogen ion is a true catalyst in 
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this reaction. The work of Taylor and Bomford (9) showed an increase in 
the activity of the hydrogen ion during the inversion process, but this is 
undoubtedly due to the hydrogenation of the sucrose, as suggested by 
Scatchard (8). 


SUMMARY 

1. The quinhydrone electrode has been used to measure the activity of 
the hydrogen ion in inverting sucrose solutions and has been found to give 
a changing potential when the electrode is left in contact with the acidified 
quinhydrone solution for long periods of time. 

2. The glass electrode has been used to measure the activity of the 
hydrogen ion in inverting sucrose solutions and has been shown to give 
reproducible results. 

3. By the use of the glass electrode it has been shown that the activity 
of the hydrogen ion remains constant throughout the inversion of sucrose 
by hydrochloric acid. 
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This paper presents the results obtained in an attempt to determine the 
activity coefficients of strong electrolytes in non-aqueous solvents by the 
boiling-point method. The apparatus and the technique employed are 
practically the same as that described in our previous paper (8). 

Although the major features of the familiar Cottrell-Washburn appara- 
tus (2, 11) have been retained, two important changes have been made. 
We have substituted for the troublesome gas flame a more uniform and 
constant source of electrical heating. Sealed into the bottom of each boil- 
ing flask is a coil of No. 30 platinum wire; these coils are of exactly the same 
length and resistance, thus insuring the introduction of equal amounts of 
heat into each flask when these arc joined in series with the lighting cir- 
cuit. The fine wire spiral furnishes an ideal surface for easy and rapid 
bubble fonnation which, together with the rapid flow of the liquid over 
the spiral, makes superheating practically impossible. The funnels, pro- 
vided with slits at the bottom and several lateral openings, are placed con- 
centric with the spirals. Under steady boiling the bubbles rising through 
the tube and those passing laterally through the funnel not only insure 
constant thermal equilibrium, but also keep the solution homogeneous by 
rapid agitation. Two boiling vessels are used. Instead of thermometer 
bulbs, the liquid from the pump flows over a test tube containing mercury 
in which is placed one arm of a 50-junction thermoelement. One flask con- 
taining the pure boiling solvent serves as the “cold” junction. 

Bancroft and Davis (1) contend that superheating in the Cottrell appara- 
tus is largely due to the hydrostatic pressure under which the bubbles are 
formed. They state that, if this superheating is removed in part by the 
passage of the bubbles through a mass of the solution before entering the 
pump, it should be further diminished in its subsequent passage through 
the pump. In their modification of the original Cottrell apparatus, the 
funnel, instead of resting upon the bottom of the flask, rests upon a con- 
striction in the wall of the boiling flask at several inches above the bottom. 
In spite of the fact that they still use the gas flame for heating, they claim 
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that the superheating of the solution and the effect due to hydrostatic 
pressure are completely eliminated in their apparatus. More recently, in 
a study of the activity coefficients of aqueous solutions of potassium chlo- 
ride, Saxton and Smith (10) have devised two new forms of the Cottrell 
apparatus, — one for gas and one for electrical heating. Their claims for 
the removal of superheating are equally good. 

APPARATUS AND MATERIALS 

The complete apparatus, including the 2*^ potentiometer and gal- 
vanometer, were carefully shielded. A current of 6.2 amps, was main- 
tained through the heating coils during operation. 

Three thermoelements were prepared according to the specifications of 
White (12), one with fifty junctions and two with ten junctions each. 
These were standardized against a platinum resistance thermometer 
(Bureau of Standards, No. 292) in conjunction with a Mueller bridge and 
high sensitivity galvanometer. The fixed points were those of liquid oxy- 
gen, liquid ammonia, ice, the transition point of sodium sulfate decahy- 
drate, and the boiling point of water. 

Since the 60-junction element was to be used for the determination of 
small temperature increments near the boiling point of alcohol, it was first 
necessary to calibrate it for that range also. This necessitated the em- 
plo 3 anent of a triangular arrangement of the three thermoelements. The 
two boiling flasks were filled to the working volume with pure alcohol, 
connected by means of the 50-junction element, and the alcohol heated to 
boiling. Each flask was connected in turn with the Dewar ice calorimeter 
by a 10-junction element. The solvent was allowed to boil in each flask 
until the potential of the connecting thermoelement became constant. 
At this point the potentials of the 10-junction elements were read, and 
from these potentials the apparent difference in the boiling point of the 
solvent in the two flasks was calculated. This potential difference, due 
probably to inequalities in the arms of the element, was used in correcting 
all subsequent thermoelement potentials. 

To obtain the temperature intervals for deducing an equation relating 
temperature and potential at the boiling point of the alcohol, both flasks 
were filled to the proper volume with pure benzene; to one of these was 
added later successive portions of pure naphthalene. In each case the 
boiling was continued until the potential of the 50-junction element be- 
came constant. The potentials of the two smaller elements were read 
immediately and the boiling temperatures were calculated. From the 
boiling-point elevation thus determined we derived a potential-tempera- 
ture equation for the 50-junction element in the vicinity of the boiling 
point of ethyl alcohol. A table was constructed by solving the equation 
for potentials corresponding to 0.1®C. intervals, and from these the exact 
temperature for any measured potential was easily interpolated. 
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Thiophcne-free benzptio, b.p. 80.17®C., absolute ethyl alcohol, b.p. 
78.82®C., and naphthalene, m.p. 80.08°C., were prepared according to 
accepted methods. The two salts were repeatedly crystallized from pure 
distilled water. The potassium iodide was heated to constant weight at 
140®C. just before it was used. The lithium chloride crystals were first 
heated in a current of dry hydrogen chloride gas until all traces of water 
were removed. The heating was then continued in a current of dry hydro- 
gen to remove all traces of acid. The salts were transferred to the alcohol 
in the flasks without contact with the atmosphere. 

The dried salts were dissolved in alcohol in the apparatus to approximate 
saturation at the boiling point, and the resulting solutions were used for 
the first measurements. The constant potential indicating thermal 
equilibrium, corrected by the zero reading of the element, supplied the 
necessary data for calculating the boiling-point elevation. Under a pres- 
sure of dry air samples of the solution were witlidrawn for analysis into 
tared glass-stoppered flasks and weighed immediately. After a sample was 
removed sufficient pure alcohol was added to maintain a constant solution 
volume, thus making a new concentration for the next measurement. The 
salt content of the solution was dt'termined volumetrically by the Volhard 
method. The concentrations are expressed in moles per 1000 grams of 
solvent. 


EXPERIMENTAL RESULTS 

The experimental results are collected in table 1. Here m is the molality 
of the salt, 6 is the elevation of the boiling point, and d/m is the molal 
elevation of the boiling point of the solvent. The values of 6/m for lithium 
chloride pass through a distinct minimum value; except for the most dilute 
solutions, the molal elevation of the boiling point of alcohol by potassium 
iodide remains practically constant throughout the whole range of concen- 
tration. 

According to Raoult’s law, the boiling-point elevation of a solvent by an 
ideal non-electrolyte should be directly proportional to the mole fraction 
of the solute, or to rh/ini -b 7 x 2 )- If we assume, however, complete disso- 
ciation for a binary salt and that the ions behave as perfect solutes, the 
boiling-point elevation should be proportional to 2 ^ 2 / (ni -f 2?i2). That is, 

e _ ItTl 2na 

fii + 2n2 

The relation between the boiling-point elevation and the molality for the 
two salts is shown graphically in figure 1. The broken lines represent the 
theoretical curves for non-electrolyte and completely dissociated salt, both 
assumed to be perfect solutes. Although the salts are completely ionized 
in the crystalline state and in solution, the relations obtained for dilute 
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TABLE 1 


Elevation of the boiling point of ethyl alcohol by electrolytee 


m 


$/m 

m 


$/m 

m 

0* 

0lm 




(a) Lithium chloride 




0.01266 

0.01535 

1.2124 

0.18017 

0.22149 

1.2293 

0.41117 

0.55145 

1.3412 

0.02328 

0.02823 

1.2126 

0.20126 

0.24871 

1.2358 

0.44001 

0.59663 

1.3559 

0.04051 

0.04879 

1.2044 

0.24234 

0.30508 

1.2589 

0.44958 

0.61244 

1.3622 

0.07227 

0.08589 

1.1884 

0.27085 

0.34351 

1.2653 

0.49303 

0.68027 

1.3797 

0.11023 

0.13108 

1.1891 

0.28707 

0.36613 

1.2756 

0.57580 

0.81587 

1.4169 

0.13115 

0.15874 

0.15596 

0.19431 

1.1892 

1.2241 

0.37098 

0.48366 

1.3037 

0.66213 

0.95370 

1 4404 


(b) Pota43sium iodide 




1.2364 

0.07003 

0.08507 

1.2148 

0.12420 

0.14984 

1.2054 

0.01662 


1.2232 

0.07806 

0.09523 

1.2200 

0.13796 

0.16695 

1.2101 

0.02454 


1.2326 

0.08730 

0.10589 

1.2130 

0.14939 

0.18037 

1.2074 

0.03822 



0 09378 

0 11467 

1.2228 

0 15696 

0.19054 

1.2139 

0.05173 

0.06332 

1.2241 

0.10657 

0.12814 

1.2024 





0.07390 

1.2297 

0.12238 

0.14754 

1.2056 
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solutions correspond closely with those which would be produced by 
undissociated solute molecules. The larger deviations from the normal 
boiling-point elevations in the more concentrated solutions indicate a 
rather decided increase in the number of free ions present. Since we have 
assumed that the salts are completely ionized at all concentrations, the 
approximation to the behavior of perfect normal undissociated solute mole- 
cules can be explained best by assuming the existence of simple or chain 
ions in equilibrium with paired ions or quadripoles. The formation of ion 
pairs and quadripoles is especially favored in solvents with low dielectric 
constants. The dielectric constant of ethyl alcohol (3) decreases from 
28.9 at 20°C. to 20.2 at 60°C. Its unknown value at the boiling point 
must bo still smaller. 

Following the method of Lewis and Randall (5) for freezing-point work 
wo may calculate the activity of the solvent from boiling-point elevation 
data. The influence of temperature on the activity of the solvent in the 
vicinity of the boiling point is given by the relation, 

dlnai=-|^dr (1) 


If we designate by 6 the elevation of the boiling point and by To the boiling 
point of the pure solvent, the boiling point of the solution TisT — To + 
and dT = d^. Expressing AH at the boiling point as a function of the 
temperature : 

AH = AHj’^ ACj0 

and substituting in equation 1, we obtain 


d In ai 


[AJ/r, + ACp^] , 

R{To + ey 


( 2 ) 


By expanding the right-hand member, collecting terms, and neglecting 
terms of higher order, equation 2 becomes 

+ (3) 

Here, To = 351. 4®K., AHt^ = 9414.2 cals. (4), and ACp = — 17.320 cals. 
The molal heat capacity of alcohol at its boiling point (35.173 cals.) was 
calculated by means of the relation (13): Cp = 0.5068 + 0.00286^ + 
0.0000054^®; that of the vapor (17.853 cals.) by the equation (7): Cp 
= 4.5 -f 0.038T. Introducing numerical values in equation 3, we obtain 


d In ai = -0.03834 d^ + 0.00028875 6 de 


(4) 
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Upon integrating between the boiling point of the pure solvent, where 
^ = 0, and the boiling point of the solution, and converting to common 
logarithms we obtain 

log ax == -0.016648 6 + 0.000062688 0^ (5) 

The activities of the alcohol, Ui, in the various solutions are given in table 2. 

The activity of the salt, 02 , and that of the solvent, ai, are combined in 
the relation 


d In a 2 = — In ai (6) 

where N 2 and Ni are the respective mole fractions. Combining equations 
4 and 6 and substituting molalities for mole fractions, we obtain 

91 717 

d In 02 = (0.03834 - 0.00028876^) d^ (7) 

m 

For the case where 6 approaches zero the last term disappears. Since we 
are approaching infinite dilution we may write 02 = m and equation 7 
reduces first to 


^ 1 dm 21.717 ^ nooo>i 

d In m = — = 0.03834 d^ 

m m 


( 8 ) 


which by rearranging gives for the molal elevation of the boiling point of 
ethyl alcohol at infinite dilution, 

X = de/dm = 1.2010° (8') 


This value is slightly lower than the value, 1.240°, given by Rosanoff and 
Dunphy (9). 

By inserting the value of X in equation 7 we obtain an expression for 
calculating the activity of any non-dissociating solute, namely. 


d In (Z 2 


Xm 


0.006271 , ,, 

ede 

m 


(9) 


Since 02 — it is evident that for any electrolyte giving v ions per mole, 


d In 


d^ 0.006271 , 

e d^ 

v\m vm 


( 10 ) 


To integrate this expression Lewis and Randall (6) have invented a J-func- 
tion which rapidly approaches zero at infinite dilution, that is, 

j = 1 — B/v\m, 
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Following their procedure for the freezing-point method we obtain finally 
for the activity coefficients of the ions of binary electrolytes in ethyl 
alcohol the relation, 

log 7 = _ 0.4343 f i dm - 0.4343; - 0.001362 [ -de ( 11 ) 
J m J m 

To calculate the values of the activity coefficients, 7 , it was first neces- 
sary to construct a large scale plot of 6 against m. From this the values 
of O/rrty j, and j/m were calculated for round concentrations. Plots of 
jjm against m, and of 6/m against 6 were drawn and the values of the two 
integrals in equation 11 were determined by means of a polar planimeter. 

TABLE 2 


Final data at round concentrations for ethyl alcohol solutions 


m 

0 " 

ai 

y 

in 

6 ^ 

01 

7 

(a) Lithium chloride 

0 01 

0 01215 

0 9989 

0 1437 

0 30 

0.3860 

0 9666 

0.0276 

0 02 

0 0242 

0 9978 

0 1025 

0 35 

0.4586 

0 9604 

0 0258 

0.05 

0 0602 

0 9947 

0 0631 

0 40 

0 5345 

0 9541 

0 0245 

0 10 

0.1203 

0 9894 

0.0463 

0 45 

0 6121 

0 9476 

0 0235 

0 15 

0.1825 

0 9843 

0 0379 

0 50 

0 6909 i 

0 9411 

0.0225 

0 20 , 

0 2475 

0 9784 

0.0330 

0 55 

0 7724 

0 9344 

0 0218 

0 25 

0 3156 

0 9726 

0 0298 

0 60 

0 8541 

0 9278 

0 0212 



j 


0 65 1 

0 9376 

0 9211 

0 0207 

(b) Potassium iodide 

0.01 

0 0122 

0 9989 

0 1446 

0 075 

0 0907 

0 9920 

0 0539 

0 02 

0 0244 

0 9978 

0 1035 

0 100 

0 1207 

0 9894 

0 0469 

0 05 

0 0605 

0 9947 

0 0639 

0 125 

0 1511 

0 9867 

0 0420 





0 150 

0 1815 

0 9841 

0.0382 


The activity coefficients of the two salts in ethyl alcohol thus determined 
are collected in table 2 . 

In spite of the fact that we may assume that both salts are completely 
ionized at all concentrations, the activity coefficients of the ions of both 
salts are surprisingly low. While the activity of the alcohol is almost 
identically the same for equal concentrations of the two salts, the activity 
coefficients of the ions of potassium iodide are slightly higher than those 
of lithium chloride. 

It would be interesting to calculate the activity coefficients of the ions 
on the basis of the Debye-Hiickel theory. In the absence of knowledge of 
the ionic radii and of the dielectric constant of alcohol at the boiling point 
this is impossible. 
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NOTE TO THE EDITOR 

The Optical Activity of Camphor in Alcoholic Solutions 

In reply to inquiries as to the light source used in the paper of the title 
given above (Journal of Physical Chemistry 38 , 883 (1934)), Professor Poe 
states, ‘^All the readings in the paper, The Optical Activity of Camphor in 
Alcoholic Solutions,^ appearing in The Journal of Physical Chemistry^ 
October, 1934, were made with a Soleil-Ventzke saccharimeter, using white 
light from an electric light, and filtering it through a solution of potassium 
dichromatc. The scale readings were converted into angular degrees/’ 
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The Phenomena of Polymerisation and Condensation. A General Discussion held by 
the Faraday Society, September, 1935. 25 x 17 cm.; vi -f 412 pp. London: Gur- 
ney & Jackson, 1936. Price: 22s. 6d. 

It may be said without question that this volume is one of the most interesting 
published by The Faraday Society during recent years. Polymerisation and con- 
densation products are of great fundamental and technical interest and arc now re- 
ceiving due attention. Professor Rideal in his introductory paper distinguishes 
betw^een three types of polymers: first there are the polymers formed by linear accre- 
tion; secondlj’^, those in which a large ring is the structural unit; thirdly, there is the 
condensation product formed by cross-linkage. The discussion is divided into two 
parts, called ‘'general’* and “special”; each of these contains highly instructive 
papers. Particular attention should be drawm to the two papers by Staudinger, the 
first of which is an extremely lucid survey of the formation of polymers of unsatu- 
rated substances. Readers coming to the subject freshly would do well to study this 
j)apcr immediately after Rideal’s, in order to gain some idea of the types of product 
and the relative ease of polymerisation in the various cases. 

It is impossible to review individually all of the numerous contributions, but men- 
tion may be made of a few of special interest. Already attempts are being made to 
study the structure of polymers by means of x-rays; the difficulty is of course that 
most of them are “amorphous”. Katz however shows that interesting deductions 
may be made by comparing the patterns with those of monomeric substances of 
similar type. Houwink and de Hoer are making valiant theoretical attempts to link 
up the j>hyaical properties of polymers with atomic linkage forces, and their papers 
deserve close attention. Meyer has studied pol,ymerised sulfur and poly-phospho- 
nitrilic chloride by means of their x-ray diffraction patterns, and Melville and Gray 
give evidence to show that the vapor of red phosphorus is not polymerised but con- 
sists of Pi molecules. The well-known American authorities on hydrous oxides, 
Weiscr and Milligan, conclude that many of these are not polymerised but simply 
aggregates of microcrystalline particles with strong adsorptive properties. An 
interesting and promising application of physical methods to organic polymerisation 
described by Farquharson consists in following the change of magnetic susceptibility 
during the process. 

For reference purposes the usefulness of these volumes would be improved very 
greatly by the addition of a subject index; the volume will no doubt serve the purpose 
of a handbook to many and the price is such that full documentation may be reason- 
ably expected. The w^ork of the editorial committee w^ould be minimized in this 
respect if each author supplied a brief list of the important points dealt wdth in his 
paper. 

J. T. Randall. 

Fluorescence Analysis in Ultra-violet Light. By J. A. Radley and Julius Grant. 
5i X 8i in. ; xi -f- 308 pp. 2nd edition. New York: D. Van Nostrand Co. 

This second edition, appearing only three years after the publication of the first 
edition, signifies the interest in fluorescence analysis as also does the fact that over 
three hundred papers have appeared in this three-year period. The authors pointed 
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out in their first edition that ‘*if applied with discretion and under standard condi- 
tionSi fluorescence analysis is a most valuable aid to the scientific worker, especially 
in routine work or sorting tests, and may usually supplement, though seldom com- 
pletely replace, ordinary testing or analytical methods.” The difiiculty is not only 
that so many things fluoresce, but that the fluorescence is so often changed by the 
presence of other molecular species, often in very small amounts and perhaps not 
even suspected as being present. However, fluorescence analysis is becoming a 
valuable tool in the hands of those skilled in its use and cognizant of its capricious 
behavior, consequently an authoritative book covering this field fulfills a useful 
purpose. 

The subject matter covered is as follows: PART I. Theory and Technique of 
Fluorescence Analysis. The titles of the chapters are as follows: I. Theoretical 
introduction; IL The production of ultra-violet light; III. Filters; IV. The meas- 
urement of the intensity of sources of ultra-violet light; V. Methods and technique 
of fluorescence analysis. PART II. Applications of Fluorescence Analysis. The 
titles of the chapters are as follows: I. Agriculture; II. Bacteriology; III. Botany; 
IV. Constructional materials and glass, etc.; V. Drugs; VI. Foods and food prod- 
ucts; VII. Fuels and lubricants; VIII. Inorganic chemistry; IX. Leather and tann- 
ing; X. Legal and criminological work; XI. Medical and biological science; XII. 
Minerals and gems; XIII. Museum work; XIV. Organic chemistry; XV. Paints 
and varnishes; XVI. Paper, cellulose and allied industries; XVII. The rubber in- 
dustry; XVIII. Textiles; XIX. Waters and sewage. 

This is an excellent book, well written and printed, dealing with a subject of much 
importance and interest. It should be in every chemical library. 

J. H. Mathews. 

Collected Scientific Papers of Sir William Bate Hardy, F. It. S. Published under the 
auspices of the Colloid Committee of the Faraday Society (preface by Eric Ri- 
deal). 17.5 x 26 cm. ; xi + 922 pp. ; portrait; 14 plates; many figures. Cambridge, 
England: The University Press (New York: The MacMillan Company), 1936. 
Price: $18.00. 

It is given to a few men to make a major impression upon the scientific thought of 
their times. Sir William was one of this chosen few. His contribution was all the 
more remarkable because of the breadth of his influence. He made major contribu- 
tions to such diverse fields as zoology, morphology, cytology, physiology, biochemis- 
try, physical chemistry, colloid chemistry, physics, and engineering. His education 
at Gonville and Caius College, Cambridge, was as a zoologist; following graduation 
he remained in the laboratories of his college, becoming a Fellow of the College in 
1892 and later Demonstrator and then Lecturer in Physiology in the University of 
Cambridge. During this early period in his educational career (1892-1898) he pub- 
lished eleven papers dealing primarily with the histology, morphology, behavior, 
and fimction of the free living or “wandering cells” (i.e., the leucocytes) of crusta- 
ceans, amphibians, and mammals. It was this series of studies which led him into 
the field of surface phenomena. As Rideal notes in the preface of the present volume. 
Sir William once saw a cell divide under the microscope and he asked himself the 
question, “Why does a cell divide?” This question motivated Sir William's future 
work in that borderline field between biochemistry, physics, colloid chemistry, and 
physiology, and led him to investigate surface and interfacial phenomena. 

In 1899 he published two classic papers in the Journal of Physiology, One was 
entitled “On the Structure of Cell Protoplasm”; the other “On the Coagulation of 
Proteid by Electricity.” These were his beginning papers in colloid chemistry. 
They reflected his earlier interest in cytology, morphology, and histology. In the 
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histological methods which he had used the tissues were fixed, hardened, dehydrated, 
and stained for microscopical observations. Sir William questioned whether or not 
such drastic treatments may not have produced from the complex colloidal matrix of 
the living cell structures which were in reality artifacts. So his colloid chemical 
studies began from the necessity of testing such a hypothesis. 

Sir William was not fundamentally trained in chemistry, physics, and mathe- 
matics, but he acquired the necessary working knowledge of these fields after his 
formal education had been completed in the University. 

His study in 1903 of the effect of the rays from radium on protein sols is one of the 
earlier papers on the effect of radium rays on biocolloids or living tissues. His stud- 
ies of the physics and chemistry of the “boundary state^ were pioneer studies in that 
field and early led into problems of adhesion. These problems of adhesion in turn 
led to his studies on the fundamentals of lubrication and the concept of the orienta- 
tion of molecules, this concept antedating the later work of Harkins and Langmuir 
and being arrived at from an entirely different viewpoint. 

To Sir William ^8 studies on the equilibrium of the protein in the blood we owe the 
concept of the isoelectric point as a fundamental and characteristic property of the 
proteins and other colloid systems. 

In the present volume all of Sir William’s papers have been brought together and 
reprinted in chronological order. They comprise fifty-nine papers in number, be- 
ginning with a study of the histology and development of the hybroid, Myriothela 
phrygiaj in 1891 and ending with the Abraham Flexncr lecture “To Remind — A 
Biological Essay”, a philosophical summing up of his life interests (delivered in 1931 
but not printed until 1934). Many of the early biological papers are illustrated with 
plates of careful drawings, beautifully colored. The only criticism of the volume 
that the reviewer would offer is that it does not contain a biographical sketch. Con- 
sequently, the young reader may be left ignorant of the fact that Sir William was first 
and last a biologist, who used the tools of physics and chemistry to attack a funda- 
mental biological problem. 

The world of science is indebted to the Colloid Committee of the Faraday Society 
for making all these valuable papers accessible in one volume. The reviewer knows 
of no more inspiring volume to place in the hands of the young student of living 
processes, be he labeled botanist, zoologist, physiologist, biochemist, or biophysicist. 
May it assist some of these to carry on the task which Sir William laid for himself; 
for he says “the biologist’s job is to take the findings of physics and chemistry and 
faithfully to apply them to the riddle of this impossible elusive living slime in its 
coat of many colors.” 

Ross Aiken Gortner. 

Adsorptionstechnik. By Franz Krzil. 22 x 15.5 cm.; 132 pp. Dresden and Leip- 
zig: Theodor Steinkopff, 1935. Price: 8.50 RM. 

For one who knows adsorption mainly from the scientific laboratory it is interest- 
ing to see the enormous technical application which has developed, especially in the 
last twenty years. Solitary cases of technical adsorption processes are very old: 
the ancients used charcoal or clay to clarify wine; Lowitz in 1785 improved the qual- 
ity of spirit by letting its vapor pass over charcoal ; since 1794 charcoal— later bone- 
black — has been used in sugar refining. But it was the war and the adsorbent char- 
coal in the gas-masks which made the many possibilities of adsorption processes 
generally known. 

Active carbon, bleaching clays, kieselguhr, and silica gel are the chief types of 
adsorbents. They are not only used to remove unwelcome impurities (coloring 
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matters, etc.) from gases and liquids (drying and desulfurizing of gases; purification 
of water; refining of glycerol, of oils, resins, etc.). Valuable vapors are regained or 
isolated by adsorption; explosive gases such as acetylene are stabilized when ad- 
sorbed in mixture with acetone; adsorption processes are used in refrigerators. 

Krzil’s book is clearly and concisely written. It adheres staunchly to its title; 
stress is mainly laid upon the technical devices used in these processes. Theory is 
treated very briefly, but correctly. The question which is most important in techni- 
cal application can not yet be answered from a theoretical point of view; too little 
is known about the causes of the specific behavior of adsorbents and adsorbed sub- 
stances. 

H. Freundlich. 

Lehrbuch der physikaliachen Chemie, By K. Jellinek. Band V, Lieferung 2. 25 x 

16 cm.; pp. 289-576. Stuttgart: F. Enke, 1935. Price: 27 RM. 

The present section of this well-known work deals with the photoelectric effect, 
positive rays, the structure of the nucleus, spectra, and radioactivity. The theory of 
spectra is brought into relation with the Periodic System. The discussion of spectra 
is based on the Bohr-Sommerfeld theory, and full deductions of mathematical equa- 
tions, including the necessary analytical geometry, are given. The wave-mechanical 
treatment is not included. The section on nuclear physics is divided into two parts, 
the latest results being given separately at the end of the book. The section of 
spectra also includes x-ray spectra and crystal structure. The whole treatment is 
very clear, and the average student of physical chemistry would have no difficulty in 
following the author through some rather difficult parts of the subject. Presumably 
some account of wave-mechanical methods will be given in a later section dealing 
with molecule formation. The last few pages deal with the structure of molecules 
and stereochemistry. The general character of the book is maintained, and the 
present section is a very readable and intelligible account which should make an 
appeal to physical chemists. 

J. R. Partington. 

Textbook of Quantitative Inorganic Analysis, By I. M. Kolthoff and E. B. Sandell. 

6i x9 in. ; 749 pp. ; 1 16 figures. New York : The Macmillan Company, 1936. Price : 

$4.50. 

This textbook of quantitative analysis from the hand of such a distinguished con- 
tributor in the field of analytical chemistry as Professor Kolthoff, who for many years 
has also been a successful teacher, is certain to prove immediately attractive to a 
great many teachers of the subject. The work covered is presented under the follow- 
ing heads: Stoichiometry. Gravimetric Analysis: Theoretical, Practical, Gravi- 
metric Determinations. Volumetric Analysis: Theoretical, Practical, Volumetric 
Determinations. Physicochemical Methods. Analyses of (Complex Materials 
(Brass, Steel, Silicate Rocks). It concludes with a very brief appendix containing 
tables of specific gravity of acids and ammonia and a table of four-place logarithms. 
It will be noticed that the outline above returns to the older practice of giving gravi- 
metric determinations before volumetric. 

In the opinion of this reviewer, the most noteworthy feature of the text is the 
highly successful manner in which theory and practice have been blended together. 
The sections on the mass action law and its application to strong and weak electro- 
lytes, dissociation of water, hydrolysis of salts, buffer solutions, the solubility prod- 
uct principle, common ion effect, and complex ion formation are particularly lucid. 
It was to be expected that the chapters on the formation and properties of precipi- 
tates and coprecipitation phenomena, covering contamination of precipitates, ad- 
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sorption, digestion, aging, etc., would be among the strongest in a test by Professor 
Kolthoff. All that need be said is that these are up to expectation. In addition to 
the separate sections on these highly important theoretical aspects of quantitative 
analysis, there occur in the appropriate places throughout the text many applications 
of these principles to the particular analytical procedures under consideration. On 
the other hand the authors have laid great stress throughout the procedures on the 
importance of careful and accurate laboratory technique and the avoidance of experi* 
mental errors. 

A field to which the senior author has given major attention both in research and 
as a teacher is that of acid-base indicators, and the section devoted to this subject is 
admirably done, including an excellent theoretical discussion, many examples of 
titration curves from experimental data in accompanying tables, a fairly complete 
table of common indicators with their color change pH interval, methods of prepara- 
tion of indicator solutions, use of mixed indicators, etc. 

The section on physicochemical methods, including potentiometric and conducto- 
metric titrations, colorimetry, and spectrophotometry is a welcome addition. Sev- 
eral laboratory procedures on colorimetry, for the determination of ammonia, ferric 
iron, and silica, with the use of the Duboscq colorimeter, are included. The theory 
of potentiometric and conductometric titrations is very thoroughly discussed. It is 
strange that no analytical determinations making use of these methods are outlined, 
since there are many applications of both these methods which do not involve pro- 
hibitively complicated or expensive apparatus. The theory of adsorption indicators 
is given comprehensive treatment, and several titrations are outlined which make 
use of this method for obtaining end points. 

The authors arc ai)parently quite willing to take the field almost single-handed 
in defense of the rather nice distinction between the use of the terms “iodimetry'* 
and ‘‘iodometry.^’ 

The volume is a distinctive addition to the library of quantitative analysis. No 
instructor in the subject will wish to be without it. 

C. 11. SCIIIFLETT. 

Inorganic Chemistry. By N. Bjekrum, translated by R. P. Bell. 22 x 14 cm. ; x -f- 317 

pp. London: W. Heinemann, 1936. Price: Ts.Cd. 

In a forew'ord to this volume Professor F. G. Donnan states that this book is the 
finest introduction to modern chemical science that he has read. This is very high 
praise indeed. It will be generally agreed that no modern textbook dealing with in- 
organic chemistry can afford to ignore the profound influence exerted by develop- 
ments in physical chemistry. In the present volume the skillful weaving of the 
theoretical aspects of inorganic chemistry w’ith the very important descriptive parts 
of the subject calls for the highest praise, whilst the sections dealing with the modern- 
ized theory of acids and bases and the associated subject of ionization and reaction in 
solution make delightful reading. There is, how’ever, one notable omission from the 
book. No reference is made to the crystal structure of the mineral silicates. Sili- 
con occupies in mineral chemistry the same important position that carbon holds in 
organic chemistry, and the structure of the silicates is now as fully estalilished as the 
molecular structure of any organic compound. Incidentally the model given in this 
book of the diamond crystal lattice (figure 14, p. 163) does not show the structure to 
the best advantage. However, whilst these are matters of opinion there can be only 
one opinion on the book — it is a highly reliable and most stimulating work which 
will be widely read by chemists. Mr. R. P. Bell has given us a fine translation, which 
is published in a most attractive form. 


W. Wardlaw. 
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Die Interferemen von Rdntgen und Elektronmatrahlen, By M. von Laue. 22 x 15 
cm.; 46 pp. Berlin: Julius Springer, 1935. Price: 3.60 RM. 

During the autumn of 1935 Professor Laue gave a course of five lectures at Prince* 
ton, N. J., and the admirable suggestion of a wider audience has resulted in the pro- 
duction of this small volume. Laue’s name will always be associated with that of 
other pioneers in the subject of x-ray interferences, and it is a matter of some inter- 
est that his latest work explains not only a newly observed x-ray diffraction effect, 
but also the elusive phenomenon of the Kikuchi lines in electron diffraction by single 
crystals. 

The older theory of x-ray interference, as developed by Laue, Darwin, Ewald, and 
others, was entirely adequate to explain the positions of the diffraction maxima, but 
failed in certain little-observed respects with regard to intensities. During 1935 a 
new phenomenon was observed and reported by Kossel and Voges; the x-rays issuing 
from a single crystal anticathode act as a source of radiation within the crystal, and 
interference effects are observed on a photographic plate placed parallel to the crys- 
tal face. The theoretical work of Laue and Kohler joins up the older classical theory 
with the quantum theory in order to explain these effects, and the bridge between 
the two is Maxwell's law of reciprocity. The interesting thing is that the new x-ray 
patterns are, so far as present results go, entirely similar to the Kikuchi patterns of 
electron diffraction. Although unexplained details remain, the Kohler~Laue theory 
work provides a comprehensive theory of these effects. In spite of Professor Laue’s 
mathematical erudition the reprinted lectures are very readable and deserve transla- 
tion. 

J. T. Randall. 

V erdjBfentlichungen aus dem Kaiser Wilhelm^Imtiiut fUr Silikat Forschung in Berlin- 
Dahlem, Siebenter Band. Edited by W. Eitel. 29 x 21 cm.; 203 pp. Braun- 
schweig: F. Vieweg, 1935. 

The annual reproduction in volume form of the published work of the Kaiser Wil- 
helm- Insti tut serves two useful purposes; many of the papers appear in somewhat 
obscure journals and might otherwise be missed. The volume, apart from the indi- 
vidual merits of the papers, is more useful in indicating the trend of fundamental 
work on silicates in Germany. The present volume contains twenty-five papers, 
two of which are concerned with problems of Portland cements; another interesting 
paper by C. A. Becker contains much information on the physical and chemical prop- 
erties of complicated glasses containing beryllium oxide. The properties of lime-- 
soda-silica glasses containing traces of radium and thorium salts are investigated by 
M. Heckter, and this is followed by a long study of the system CaO-SiOr-MnO with 
the x-ray identification of solid solutions of pseudo-wollastonite and rhodonite. 
Btissen gives x-ray data on the coefficients of thermal expansion for magnesia, cristo- 
balite, sillimanite, and carborundum. The volume closes with a very long paper by 
W. Weyl, giving details of numerous absorption spectra for solutions and glasses. 
One gets the impression that the workers on this interesting subject are tending in- 
creasingly to use physical methods for the study and interpretation of their experi- 
ments. 

J. T. Randall. 

Chemical Discovery and Invention in the Twentieth Century, By Sir William A. 
Tilden. 492 pp. New York: E. P. Dutton & Co., 1936. Price: 14.00. 

The sixth edition of this meritorious and semi-popular book has been thoroughly 
revised by Dr. S. Glasstone of the University of Sheffield. In the preface, Glasstone 
states that the new material has been selected so as to fit in the structure and con- 
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tinuity of the earlier editions. Obsolete material has been dropped. The additional 
subject matter includes theories of atomic structure and molecular architecture, 
valency, transmutation and disintegration of the elements, heavy hydrogen and its 
theoretical significance, and artificial radioactivity. The new descriptive matter 
includes among other topics: coal and petroleum industries, synthetic rubber, plas- 
tics, fixation of nitrogen, vitamins, hormones, and plant colors. 

The book is divided into four parts. I. (a) British laboratories and their uses 
(this section will always be of historical value), (b) Apparatus. II. Modern dis- 
coveries and theories. Clear and non-mathematical. III. Modem applications of 
chemistry. This includes the more recent work on vitamins, hormones, plastics, 
rayon, and duprene. IV. Modern progress in organic chemistry. 

There are over one hundred and forty illustrations, including a dozen portraits. 
The author has used discrimination and good judgment in the selection and treat- 
ment of his topics. There are one or two noticeable typographical errors. For 
instance, 1. Langmuir is called J. Langmuir (p. 241) and W. S. Harkins is called H. S. 
Harkins (p. 159). 

The reviser states that though the book was intended originally for '‘non techni- 
car* readers, it contains much which would appeal to those who have some knowledge 
of science. Therefore it is a valuable addition to a chemistry library and can be in- 
cluded as collateral reading for general inorganic chemistry courses. 

Lillian Cohen. 

Molekulspektren und ihre Anwendung auf chernische Frohleme, Vol. II, Text. By 

H. Sponer. 21 X 14 cm.; xii -}- 506 pp. Berlin: Springer, 1936. Price: unbound, 

36 RM.; bound, 37.80 RM. 

Volume I (Tables) of this work was reviewed in the December 1935 issue of this 
Journal. Its high standard of excellence is fully maintained in the present volume. 
The first two chapters deal briefly w ith the earlier quantum theory of atomic spectra 
and the quantum mechanics. Diatomic and polyatomic molecular spectra occupy 
the third and longest chapter in the book. Certain branches of the subject, how^- 
ever, are omitted and others treated very briefly, either because they have been 
adequately described in other w ell-know n books of recent years or because they are 
of comparatively little significance for the chemical problems to which the four 
remaining chapters are devoted. Chapter IV deals with the determination of 
chemically important quantities from the analysis of band spectra, chapter V wdth 
chemical binding and valency, chapter VI with excitation of molecules by collision 
with electrons, atoms, molecules, and ions, and chapter VH with other chemical 
applications of spectroscopic results. The text is well illustrated with 87 figures, 
including a few’ spectrograms; figures 15 to 19 (pp. 51 and 54) and figure 43 (p. 118), 
however, would be much more useful if provided with scales of wave-length or w’ave- 
number. A further table of numerical data and a list of references of papers which 
appeared up to the autumn of 1935 are provided, so that the tables and text are 
equally up-to-date. The complete work may confidently be recommended to 
physical chemists and spectroscopists alike. 


W. Jevons. 




X-RAY DIFFRACTION STUDIES OF CHITIN, CHITOSAN, AND 

DERIVATIVES^ 
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Received June 6y 1936 

INTRODUCTION 

Chitin is the conipoiind that makes up most of the organic; part of the 
skeletons of Arthropoda. In the animal kingdom, to which it is limited 
with very few’ exc(‘ptions, it occurs only in the invertebrates. In addition 
to forming the exoskekdons of insects, Crustacea, etc., it is the major con- 
stitiKUit of the lenses of the eyes, the tendons, and the linings of the respira- 
tory, excretory, and digestive systems. Its role in forming the skeleton in 
invertebrates is very similar to that of cellulose in plants. 

Wlien the “encnTisting'’ materials that occur with chitin have been re- 
moved, the ^mre material resembles pa])er pulp in appearance. Usually 
calcium carbonate is one of the ^‘encrusting^^ substances; in the case of 
lobster skeletons it makes uj) about 75 per cent of the total weight of the 
shells. In the tendons, at least, we have found that this material is so 
finely dispersed that it does not give a crystalline diffraction pattern. 
The tensile stn^ngth of a fiber of chitin is remarkable. Schulze (10) 
records that it is 58 kg. per square millimeter compared with 35.6 for silk, 
14.5 for wool, and only 50 for draw n copper. 

Hot saturated sodium hydroxide hydrolyzes chitin slowdy, but weaker 
solutions do not affect it. It is soluble in concentrated mineral acids and 
anhydrous formic acid, but is unattacked by others. 

Meyer and Mark (8) suggested that chitin is identical with cellulose 
except that the secondary hydroxyl on the alpha carbon atom of the latter 
is substituted by an acetamide group. This structure received important 
support when Bergman (1) isolated chitobiose and it is now’ generally 
accepted, although Shorigin (12) has recently stated that the unit of the 
structure is neither glucose or mannose, but another sugar, chitose, differ- 
ing in configuration. Figure 1 shows the structure proposed by Meyer and 
Mark compared w ith that of cellulose. 

' Presented in part before the Cellulose Division at the Ninety-first Meeting of 
the American Chemical Society, held in Kansas City, April, 1936. Based on a thesis 
submitted by Albert F. Smith to the Faculty of the University of Illinois in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy, June, 1936. 
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From an excellent fiber pattern obtained from the tendon of Palinurus 
wig., Meyer and Pankow (9) found that chitin was orthorhombic and 
crystallized in space group F* or Fj- They favored the former. Their 
determination of structure was fairly complete except for the fixing of the 
side chains. These they assumed to be in the 200 plane to account for its 
great intensity. The size of the unit cell was a = 9.25, b = 10.46, and 
c= 19.25 A.U. ; the chains are parallel to the b axis. The unit cell is shown 
in figure 2. Our measurements check those of Meyer and Pankow very 
closely. 

MATERIALS AND TECHNIQUE 

Chitin was obtained from the carapace of lobster, Hormrus americanus. 
It was prepared by removing the carbonate with dilute nitric acid, heating 
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Fig. 1. Structural formulas for cellulose, chitin, and chitosan (as proposed by Lowy) 

for four hours with frequently changed 20 per cent sodium hydroxide, 
bleaching with permanganate and bisulfite, and finally dehydrating with 
alcohol and ether. The nitrogen content was 6.61 per cent, compared with 
a theoretical value of 6.89 per cent. The ash was less than 0.1 per cent. 

The source of x-rays was a Philips Metalix copper-target commercial 
diffraction tube operated at 30 kv. and 25 ma., generating principally the 
Cu K alpha lines. The diffraction patterns were registered on a flat film 
perpendicular to the beam with the sample 5.0 cm. from the film. 

GENERATION AND ORIENTATION OF CHITIN 

In view of the great functional and structural similarity of chitin and 
cellulose, it seemed possible that there might be a similarity in method 
of generation. Investigation of the literature revealed that Borodin (2) 
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in a paper little known to chemists, on the slime glands of a marine worm 
indigenous to northern Europe, had observed tiny ellipsoidal particles that 
formed in the epithelial cells and were present in the cuticula. Although 
he apparently did not realize it at the time, his staining reactions leave 
little room for doubt that he observed the formation of ‘^macrornolecules” 
of chi tin several years before similar observations were published on 
cellulose (4). 

In search of further information concerning the structure, we found that 
after long soaking in absolute alcohol, which seemed to remove a wax-like 
binding material, a mandibular tendon from lobster could l>c teased apart 
with the aid of fine needles into uniform fibrils. These fibrils were about a 
micron in diameter and between crossed Nicols gave very sharp parallel 
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Fig. 2. Unit crystal cell of chitin (Meyer and Pankow, confirmed in present ^^()rk) 


extinction, indicating a high degree of orientation. They seemed to be 
very similar to fibrils obtained from cellulose. So far we have been unable 
to break these fibrils down into uniform smaller units, as has been done 
for cellulose. 

From the manner of formation, chitin should be oriented. Further 
the orientation, in the case of sheets, should consist solely in having the 
carbohydrate chains parallel to the surface. If this were the case, an x-ray 
diffraction pattern taken with the beam perpendicular to the surface of the 
sheet would show the concentric rings of a random pattern. If the pattern 
were taken with the beam parallel to the surface, however, fibering should 
appear. 

If an orthorhombic crystal, as chitin appears to be, is laid on a surface in 
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such a way, that the b axis is parallel to the surface and the crystal is allowed 
to rotate about its b axis, and also about an axis perpendicular to the sur- 
face, the locus of the face poles of any plane parallel to the b axis, which in 
chitin amounts to being parallel to the chains, may be represented on 
spherical projection by lines of longitude. Figure 3 shows the appearance 
of such a sphere viewed from a pole. 

The radial lines represent the lines of longitude. The number of lines 
per unit area at any point represents the average number of times that the 
plane is in this position. If a beam of x-rays, x, parallel to and in the plane 
of the paper, is incident on the rotating crystal, the positions of the plane 
when satisfying the Bragg angle will be represented on the sphere by a 
circle or in the projection by the band ab. Since the intensity of any part 
of an interference on the diffraction pattern depends on the number of times 
the plane is in the position to give that reflection, and since the lines per 


tilM 



Fig. 3. Spherical projection of intensity distribution for chitin diffraction pattern 


unit area in the band ab indicate that number, it is possible to predict the 
appearance of the diffraction pattern. Since there will always be vsome 
lines per unit area in the band, there will appear a continuous ring, but 
since near the center of the band there occurs a maximum number, there 
will appear at the equatorial position on the film, the position perpendicular 
to the plane in which the crystal is rotating, a maximum intensity of the 
interference. 

Any planes perpendicular to the b axis will give obviously only sharp 
arcs at the polar positions. Planes with inclinations to the b axis other than 
these will give intermediate appearances. If, in place of a single rotating 
crystal, there is substituted a large number of very small crystals whose 
only orientation is the b axis in a plane, the pattern will in no w^ay be 
altered. Just such a pattern was obtained and is shown in figure 6, which 
is to be compared with the pattern taken with the beam perpendicular to 
the surface, figure 4. It w^as found that all naturally occurring chitin laid 
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down ill sheets is orient(»d in this manner. In ehitin fillers such as tinjclons, 
of eoiirs(*, the b axis is jiarallel to the axis of the fiber, just as is true in tli(' 
ease of (‘el lu lose. 

A fiber pattern of eliitin obtaiiK'd from th(' mandibular tcmdon of 
lobstcT is shown in figure' 6. It is entirely similar to the ])attern used by 
Mc'yc'r and Paukow in tlic'ir ({(‘termination of th(' crystal struetun'. Tin* 
fogging that jiroceenls outward from the e(‘ntral sjiot along the ('(piatorial 
line indieat(\s that jiaralkd to the chains th(‘re exist plain's of v(*ry long 
spacings. Since it has been possible in the case of some naturally occur- 
ring substan(‘(‘s, such as collage'll (3), to n'solve' th('s(' smudge's into de'finite' 
interfereiK'e's by swelling, stretching, e'tc., attempts w('re‘ made to do the' 
same with ehitin, Init without succe'ss. It is appare'iit that tlie' diffraction 
is taking place from plaiu's that are' so distorte'd as to provide' a large' 
numbe'r of spacings varying only a little in magnitude, re'sulting in radial 
smudging of the type so familiar to in ve\sti gators of distortion in medals. 

THE AeTION OF H VDROCHLORK’ ACID ON (TIITIN 

It is we'll known that boiling conce'iitrate'd hydrochloric acid ('V(*ntually 
hydrolyze's the e'the'i* and amide' linkage's in ehitin to give' ghico.samine', but 
many workers (6) have' lielie've'd that in cold hydrochloric acid no hydrolysis 
occurs and he'iice Iiave' used the' re'aedion to “purify” ehitin Kunike' ((>) 
us('d solution in a(‘id and r('])re'(*ipitation as a ^\ay of obtaining thn'ads ol 
cliitin which he lu)])('d to make' into fabric, but the* venture' was not ve'iy 
succe'ssful. We have* forme'd a she'e't of e*hitin by re'pre'cipitat ing it from 
hydrochloric acid and allowing it to dry on glass. Its te'nsile* stre*ngth was 
so gre*at that it judle'd bits of glass out of the* surfa<'(‘, but it was re'adily 
disperse'd in water. 

In order to dise'ove'i* the* (‘xact nature* of tlie* action of the* acid, diffraction 
jiattc'rns were* take'ii of (*hitin re*))re*ci])itate‘d after various le'ngths of time* in 
solution at room te‘mi)(*rature. The patterns are* shown in figure's 8 and 9 
along wath a jiatte'rn of ground ehitin for comparison (figure* 7). It is 
nec('ssary to comjiare* witli the ])atte*rn of a ground sample*, since* tlie* in- 
tensity relationships of the* inte'rfe‘rene*e*s in the* ])atte*rn take'ii pe‘rpe‘n(licular 
to the surface's are* not ({uite* corre'ct Ix'cause* of tlie* re'striction of the* 
orientation. 

In the'se patte*rns the* first he'avy line* from the* ce'iiter is tlie* inte*rfe're'nce* 
of the 002 jilane's, wdiich are* paralle*! to the* chains (the b axis) and approxi- 
mately pe'rpe'iidicular to the ])lane of the anhydroglucose rings and the 
side chains. The se'cond he'avy line is the inte'rfere'uce* for the* 200 jilane's, 
which are parallel td^the chains and peTpe'ndie*ular to 002, so that the'y 
contain the rings and the* side chains. The third heavy line is the conil>ina- 
tion of the inte'rfere'iices 030 and 031, since* their spacings are* so ne'arly the* 
same' that the'ir interiereiu'e's fall at the same iioint. The'se* jilane's are* 
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approximately perpendicular to the chains, the 002, and the 200 planes. 
This applies to all of the other patterns shown in this paper. Since the 
intensity of a given interference depends upon the number of planes giving 
the reflection, any action that destroys the regularity of spacing in a given 
crystallographic direction will reduce the intensity of interferences from 
planes perpendicular or nearly perpendicular to this direction. 

In the pattern of the material precipitated after one and one-quarter 
hours in hydrochloric acid solution (figiire 8), the intensity of the inter- 
ference 030, 031 is appreciably less than in the pattern of the ground chitin 
(figure 7). In the pattern of the material reprecipitated after 42 hours 
(figure 9), the intensity has decreased until the line can hardly be desig- 
nated as strong. In addition to the decrease in intensity, there is a con- 
siderable broadening which indicates that the particle size in the direction 
of the b axis, that is, along the length of the chains, has been considerably 
reduced. The decrease in intensity indicates plainly that there has been a 
reduction in the length of the chains with the consequent destruction of the 
030 and 031 planes. This must mean that there is occurring, even in the 
cold solution, a hydrolysis of the ether linkages between the anhydro- 
glucose units. A patt(*rn taken of material precipitated after five days in 
the acid shows further decrease in the intensity of the 030, 031 interference 
and in addition a reduction in intensity of 002. This last must result from 
the hydrolysis of part of the acetyl groups in the chain, causing some of the 
chains to draw closer together in the c direction, thus destroying the 
regularity necessary for diffraction to take place. That the 200 inter- 
ference should exhibit the same intensity throughout the series is to be 
expected, since there is no action occurring to alter that spacing. All 
patterns were taken under the same conditions to permit comparison of 
intensities. 

Since it is apparent that appreciable reduction of the chain length occurs 
in so short a time as one and one-quarter hours, it seems possible that 
Kunike^s lack of success in making a satisfactory fabric may be explained 
on that basis. The ready dispersion of the chitin sheet formed from repre- 
cipitated chitin and the increased difficulty of precipitation with longer 
time in solution is explained by greater solubility which accompanies a 
decrease in chain length. The generation of a few amine groups by the 
slow hydrolysis of the amide linkage, which is shown to occur, would also 
contribute toward greater solubility. 

The purification of chitin by solution in hydrochloric acid and reprecipi- 
tation is obviously unsatisfactory. 

Although chitin dissolves rather sharply in hydrochioric acid w4ien the 
normality reaches 8.5, in sulfuric acid the normality must be considerably 
higher, and concentrated nitric acid has practically no effect. Apparently 
the solubility does not depend upon the hydrogen-ion concentration alone. 
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THE ACTION OF LITHIUM THIOCYANATE ON CHITIN 

It has been known for some time (13) that chitin and a number of other 
highly polymerized substances are dispersed in hot concentrated solutions 
of neutral salts capable of a high degree of hydration, and that they may be 
reprecipitated in the form of filaments when these salt dispersions are 
poured into alcohol. It seemed worthwhile to investigate the process of 
dispersion of chitin in lithium thiocyanate. 

The lithium thiocyanate solution used was saturated at about 60®C. and 
solidified upon cooling to room temperature. Upon heating in this solu- 
tion to 95°C., chitin was rather readily dispersed into a sirupy colloidal 
solution. 

As a precipitating medium acetone in water was found to be superior to 
alcohol, since the speed of the precipitation could be varied between wide 
limits by merely changing the proportion of acetone. By extrusion of the 
solution through a fine tip into a high concentration of acetone in Avater, 
threads could be made. Wlien some tension w^as applied to the threads 
during their formation, they developed a considerable degree of orientation, 
as shown by their sharp parallel extinction betw een crossed Nicols. 

Some of the jelly-like mass of chitin precipitated from the colloidal 
solution by dilution w^as placed upon a glass surface and allowed to dry. 
Figure 10 is the diffraction pattern obtained w’ith the beam parallel to the 
surface of the sheet. It shows to a lesser degree the same type of orienta- 
tion as the natural sheet. The diffraction pattern of chitin precipitated 
after remaining for several months in lithium thiocyanate showed no 
evidence of any hydrolysis. 

Lithium iodide acts in the same w’ay as lithium thiocyanate, but more 
slowly. 

When a chitin fiber was heated to 200^0. in the lithium thiocyanate solu- 
tion, we found that although there was little change in volume and the 
form remained the same, the diffraction pattern, figure 11, showed definite 
compound formation with the salt. Accurate chemical analysis w as im- 
possible, since any attempt to remove the excess salt by other than mechan- 
ical means results in destruction of the compound, but such results as w^ere 
obtained showed some value less than 5 moles of lithium thiocyanate p(*r 
anhydroglucose unit. This addition compound is comparable to the 
lithium thiocyanate-cellulose addition comi)ounds and, as in the case of 
cellulose, its formation may be attributed to the ether and alcohol groups. 
Upon washing in water the salt is removed from the fiber, and the original 
chitin reappears as well oriented as originally. The interferences of the 
fiber pattern of the compound arc given in table 1, but the determination 
of the crystal structure must serve as the subject of another investigation. 

At temperatures below that necessary for compound formation, a fiber of 
chitin soaked in the lithium thiocyanate solution gives the pattern shown 
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in figure 12. Here there is no evidence of compound formation. The 
interferences of planes parallel to the chains merely become smudged, 
showing that the regularity of their spacing is being destroyed. The 
interferences of planes perpendicular to the chains, 030, 031, remain sharp, 
indicating that the effect of the salt is to spread the chains apart without 
breaking them and without producing any displacement in the direction of 
the b axis. It is an example of intramicellar swelling of chitin by winter 
alone, also proved by the diffraction pattern. If chitin is allowed to remain 
in the salt solution sufficiently long, the chains are spread so far apart that 
solution occurs. 


CHITIN NITRATE 

In 1906 it was established by Furth and Scholl (5) that chitin could be 
nitrated with fuming nitric acid to give a substance partially soluble in 

TABi.K 1 
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acetic acid. Shorigin and Hait (11) reinvestigated the substance in 1935 
and found substantially the same result, but added that a considerable por- 
tion w^as soluble in formic acid. Since the nitrogen content of the frac- 
tions was the same', they considered that the difference in solubility arose 
from some other cause, ]irobably difference in chain length. 

For structural studies of nitrated chitin, w’e prepared specimens by dis- 
solving chitin in fuming nitric a<’id, allowing it to remain for one or two 
hours, and precipitating by stirring into w ater. Since the nitration of each 
hydroxyl group in chitin would result in an increase in weight of 20.9 
per cent, the increase in weight ought to be a satisfactory way of estimating 
the degn'e of nitration, but such w^as not found to be the (‘ase. From the 
increase of weight in one experiment it was calculated that there should 
be 0.72 nitrate group per anhydroglucose unit, but analysis showed 1.09. 
The discrepancy may arise from either, or both, of two causes. Nitrogen 
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may enter in some form other than that of the nitrate, or there may be 
hydrolysis or oxidation of chitin to some products that were not isolated. 

The diffraction pattern of the freshly precipitated material was usually 
that shown in figure 13. This is a typical ^'amorphous'' pattern, and in this 
case arises from the very intimate mixing of a large number of different sub- 
stances with little regularity of structure. Occasionally, especially for 
very slow precipitation, there was obtained the pattern shown in figure 14. 
This pattern resembles closely that given by many resins in which the 
interferences are attributed to side spacings between the chains, and there 
is no reason to doubt that they arise from the same source in this case. 
The position of the rings varies from sample to sample and apparently 
depends on the amount of reaction that has occurred. 

Chitin nitrate shows about the same solubility in hydrochloric acid as 
the original chitin, so that it is unlikely that any considerable hydrolysis of 
the acetyl groups has occurred. In hydrochloric acid solution there is con- 
siderable denitration, and the diffraction pattern of the reprecipitated 
material shows the pattern of the nitrate superimposed on the pattern of 
chitin. Chitin nitrate can be dispersed in lithium thiocyanate solution and 
reprecipitated unchanged. 

A typical diffraction pattern of the nitrate fraction solu})le in acetic acid 
is shown in figure 16; actually the pattern varies for every sample and even 
for different portions of the same sample, demonstrating quite clearly that 
the material is, as other workers suspected, a mixture of short-chain sub- 
stances resulting from the hydroljdiic and oxidative action of the nitric acid. 
Its solubility does not arise from hydrolysis of acidamido groups to amine, 
since it is practically insoluble in dilute mineral acids. A con.siderable por- 
tion of this fraction is soluble in acetone. 

The pattern of the fraction insoluble in acetic acid but soluble in formic 
acid is shown in figure 16. It is more readily duplicated than in the pre- 
ceding case, so that the admixed substances are apparently in fairly con- 
stant proportions. The fraction is unquestionably a mixture of com- 
pounds. 

The fraction insoluble in formic acid gives a definite pattern (figure 17) 
and must approach the composition of a pure substance. 

In order to determine what alteration had been made in the structure to 
account for the difference in solubility of the fractions, samples were 
denitrated by means of aqueous sodium hydrogen sulfide (11). The pat- 
tern of the denitrated formic acid-soluble fraction is shown in figure 18. 
The interference 030, 031 is almost entirely missing, showing definitely 
that the length of the chain fragments is very short. That there should be 
hydrolysis of the ether linkages is in harmony with the action of hydro- 
chloric acid observed earlier. In the pattern of the denitrated insoluble 
fraction (figure 19), the interference 030, 031 has decreased somewhat in 
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intensity from that shown by the original chitin, but it is much stronger 
than that shown in figure 18. The chain length has been reduced from that 
in chitin, but to a lesser extent. 

When the denitration was incomplete, the pattern of the fraction was 
always observed superimposed upon the pattern of the chitin. This 
('uabled accurate measurements of the differences in the two patterns. 
Since the other two fractions are definitely mixtures, the measurements of 
the interferences observed in the case of the insoluble nitrate only arc* 
given in table 2. 

Since a fiber pattern was necessary for a satisfactory approach to the* 
analysis of the crystal structure of the nitrate, attempts were made to orient 
the nitrate, but none were suflSciently successful. We then attempted to 
nitrate a fiber of chitin without changing its orientation or physical form. 
This presented difficulty, since acid strong enough to nitrate the chitin also 
ilissolved it. After many att(*mpts the fibc*r whose* j)attern is shown in 
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figure 20 was obtained. Nitration was accomplished l)y using a mixture* 
of 5 parts fuming nitric acid (sp. gr. 1.5) and 1 ])art of conce*ntrate*d nitric 
acid. The action was observed under the microse*ope so that it could be 
stegpped in time to prevent solution. The fiber was extracted with formic* 
acid to remove the short-chain fractions. 

The indistinc*tness of all interferences excc*pt those* along the* chain 
shows the incomplc'tene'ss of the nitration and the* e*orrc*spondingly imper- 
fect crystal structure. That considerable nitration has taken plae*e, how- 
ever, is 8hown by the* fact that the inner c'ciuatorial spae*ing, 002, has moved 
into the position shown in the i)owde*r patterns of the* nitrate*. 

Chitin nitrate is probably orthohombic with a = 9, 5 == 10.3, and c == 23 
A.U. The fact that the c distane»e has increased from the c of chitin indi- 
cates that the side-chain primary hydroxyl group does lie in the 200 plane*, 
since the increase is just about what would be expected from the substitu- 
tion of a hydroxyl by a nitrate group. 
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THE ACTION OF SATURATED SODIUM HYDROXIDE ON C^HITIN 

When a fiber of ehitin was placed in hot saturated sodium hydroxide, it 
was fonud that a vseries of compounds was formed. A tyi)ical pattern is 
shown in figure 21. The patterns regularly showed definite interferences, 
hut they were difficult to duplicate. The probable explanation is that 
since hydrolysis is occurring and sin(‘e, as was later found, chitosan is 
extremely susc(‘ptible to the formation of addition compounds, most of th(‘ 
})atterns are of mixtures of sev(‘ral difTerent addition comi)ounds fornu'd in 
th(* course of hydrolysis. 


CHITOSAN 

Most authors hav(' form(*d chito.san by the action on (‘hit in of fused 
potassium hydroxide at 180®C. for half an hour, with r(*sultant hydrolysis 
of half of the acc'tyl groups. Apparently identical is tlie product obtained 
u|)on long hydrolysis in saturated sodium hydroxid(‘ solution, shice both 
giv(‘ th(' sam(‘ diffra(*tion pattern and the same analysis. Lowy (7) found 
by an analysis of the sulfate of chitosan that it correspondc'd to a poly- 
merized monoac(‘tylglucosamine. This structure is shown in figure 1. 

To follow th(' formation of chitosan a shc^et of ehitin was plac('d in a 
saturated sodium hydroxide solution held at 95°C. At intervals samples 
were taken out, waslied free of alkali, and a dififraction pattern made with 
the beam p(‘r})endicular to the surfaec*. A specimen r(‘mov(‘d after treat- 
ment for six hours produ(*ed a pattern in which interferences chara(‘teristic 
of ehitin had disappean’d (»xcept for tin* interference 200 which had shift(*d 
slightly but still remaiiurl (figure 22). This indicates that action occurs to 
d(»stroy the* regularity of spacing in the c din'ction, since it was logical to 
suppos(‘ that the same orientation of tlie chains would be maintained as 
long as th(* saniph' had not gone into solution. Wh(Mi a powder pattc'rn 
(figur(‘ 2*1) was tak(Mi, however, it bee‘ame a])parent that there* was some* 
orientation gnnter than that exhibiteel by the original ehitin. A pattern 
with the* beam jmralle*! to the surface (figure 24) confirmed the ce)ne*lusion. 

In orde‘r to exi)lain these patterns satisfactorily, it was nece\ssary to 
d(*t('rmine the* crystal structure of chitosan. When a fiber of ehitin was 
allowed to r(*main in hot saturated sodium hydroxide for forty hours to 
insure* complete* conversion to chitosaii, and the* alkali r(*moveel by washing, 
the fibe'r ga\e the* diffraedion ])attern shown in figure 25. It displays a 
remarkable* re‘se*nil)lance to the patte*rn of inerc(*riz(*d ce'llulo^e*. 

Tsing a me'chanical apparatus which we* d(*sigi\(*d for the dedermination of 
unit c(*ll size* from a single* rotation pattern, we* found that chitosan was 
orthorhombic with a == 8.9, b = 10.25, and c = 17.0 A.U.- The cliains and 
tlie* rings lie in the 200 planers. A descrij)tion of the apparatus anel the 

* A monoolinic striK’ture* itli /3 =* 88" i.s not exrludeei as an iiltcrnative* possibility. 
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Fig. 22. Chitin after treatment with saturated sodium hydroxide solution for six 
hours. 

Fig. 23. Chitosan sheet, x-ray beam perpendicular to surface. 

Fig. 24. (Chitosan sheet, x-ray beam parallel to surface. 

Fig. 25. Chitosan fiber. 

Figs. 26 and 27. Addition compounds of chitosan with sodium hydroxide. 

Figs. 28, 29, and 30. Addition compounds of chitosan with lithium thiocyanate. 

details of the crystal structure will be given in a later paper, but the spac- 
ings of the interferences, observed and calculated, are given in table 3f 
From the crystal structure the orientation existing in the sheet cari be 
deduced. In the pattern taken with the beam parallel to the surface it is 
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seen that the interferences of planes 002 and 200 do not fall on the equa- 
t<nrtid line, but that 002 falls on the equator while 200 occurs at the poles. 
Since both of these planes are parallel to the b axis, as shown by the fiber 
pattern, the only posedble orientation to account for the diffrsiotion pattern 
is that 002 planes must be approximately parallel to the surface. A sli|^t 
variation from parallel of only a few degrees will satisfy the Bragg angle 
and account for the appearance of the 002 interference on figure 24. This 

TABLE 3 


Interferences obtained with chiloaan 


LATamLiirs 

m 

d ORTBOBBOKBIO 

I24TBNAXTT 

OBSBBVBD 

0 

002 

8.5 

4 

8.5 

0 

200 

4.45 

5 

4.46 

0 

202 

3.94 

3 

4 0 

0 

203 

3 53 

1~ 

3.56 

0 

105 

3.16 

1- 

3.12 

0 

006 

2.83 

1- 

2 83 

1 

211 

3.97 

1 

4.02 

1 

015 

3.22 

1- 

3.25 

1 

310 

2.84 

1- 

2.81 

2 

020 

5.12 

1- 

5.13 

2 

121 

4.31 

3 

4.35 

2 

123 

3.5 

2 (Diffuse) 

3.6 

2 


2.90 

1- 

2.91 

2 

025 

2.84 

1- 

2.78 

3 

130 

3.20 

2 

3.23 

3 

132 

3.00 1 

3 

3.02 

3 

230 

2.71 

1 

2.72 

4 

040 

2.56 

1 

2.50 


pattern is excellent confirmation of the orthorhombic structure, since the 
only possible angle between these planes is 90° if the interferences are to be 
explained. 

Upon taking patterns of the chitosan fiber in a vacuum camera (3) at 
15 cm. it was found that three orders of a long spacing of 37.5 A.U. occur; 
on a few patterns there was barely discernible an interference for 26 A.U., 
which would seem to indicate that the interferences observed were the 
second, third, fourth, and sixth order of a 75 A.U. spacing. These occur on 
the equatorial line. Their probable significance will be discussed in the 
paper on the crystal structure of chitosan. 

ADDITION OOUPOUNDS OF CHITOSAN 

Chitosan is particularly susceptible to the formation of addition com- 
pounds. When a fiber soaked in concentrated sodium hydroxide was 
placed in a “pliofilm” cell, it gave the diffraction pattern shown in figure 
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26. A fiber soaked in dilute sodium hydroxide (20 per cent) gave the 
pattern in figure 27. Both of these patterns are of mixtures, and it is likely 
that chitosan forms a whole series of compounds similar to the sodium 
hydroxide addition compounds of cellulose. The pattern of the compound 
with dilute alkali is especially interesting, since in it the long spacings ob- 
served in chitosan have moved from 37.5 to 43.5 A.U., presumably to 
allow for the volume of the swelling agent. 

With the lithium thiocyanate solution used in the work on chitin, 
chitosan gave a material whose pattern is shown in figure 28. If a solution 
diluted with two volumes of water was used, the pattern shown in figure 29 
was obtained. Upon washing either of these fibers, the material giving the 
pattern in figure 30 was obtained. Upon further washing the original 
chitosan was obtained. These patterns are fairly readily duplicated, but 
it is possible that they are not of the pure compounds. These addition 
compounds of chitosan merit further investigation. 

COMMENTS ON THE STRUCTURE OF CHITOSAN 

Our analyses of chitosan prepared by either method have indicated only 
a little more than one nitrogen per biose unit instead of the two demand(*d 
by the formula of Lowy (figure 1). Since the amide linkage still (»xists, 
as shown by the presence of acetyl, the amine nitrogen appears to have 
been partly lost. It seems possible that Lowy's work was done on only th(' 
portion of the material retaining the amine group, sin(*e that fraction alone 
should form a salt. 

Since the chemical information at hand reveals no reason for the hydrol- 
ysis of only one-half of the acetyl groups, and since the reaction takes place 
in the solid, it seems probable that there is steric hindrance to the reaction 
from another molecule. This idea is supported by the fact that since the 
unit along the chain is two anhydroglucose units, the acetyl groups hydro- 
lyzed all occur on the same side of the chain. 

These problems must be further inve.stigated. 

SUMMARY 

1. All naturally occurring chitin displays preferred orientation of crys- 
tallites. The pattern obtained with the x-ray beam parallel to the surface 
of the sheet of chitin in which the chitin chains are parallel to the surface as 
the only orientation is derived from a consideration of the spherical pro- 
jection of a rotating orthorhombic crystal, 

2. Naturally occurring fibers of chitin, after treatment with absolute 
alcohol, may be teased apart into uniform fibrils about 1 micron in di- 
ameter. 

3. Even at room temperature the ether linkages of chitin are hydrolyzed 
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in hydrochloric acid; concurrently, but more slowly, the amide groups 
also are hydrolyzed. 

4. A fiber pattern of chitin is shown and discussed. Our measurements 
check those of Meyer and Pankow very closely. 

5. At a temperature of 200°C. chitin forms a definite addition compound 
with lithium thiocyanate. At lower temperatures, intramicellar swelling 
occurs. 

6. The fractions of chitin nitrate have different average lengths of the 
carbohydrate chain. Chitin nitrate is probably orthorhombic with 
a = 9.2, 6 = 10.3, and c = 23 A.U. 

7. Chitin seems to form a series of addition compounds with sodium 
hydroxide, but the hydrolysis that occurs makes the isolation of definite 
compounds difficult. 

8. When chitosan is formed from chitin in a sheet, it und(*rgoes a (change 
to a more restricted orientation. The 002 ])lanes become parallel to the 
surface of the sheet. 

9. Using an api)aratus design(»d for the determination of unit cell size 
from a single rotation pattern, the unit cell of chitosan was determined to 
be orthorhombic with a = 8.9, b = 10.25, and c = 17.0 A.U. (or ])ossibly 
monoclinic with /3 = 88°). A table of interferences and the indices is given, 
but the details of the determination and a description of the apparatus will 
appear in another paper. 

10. Patterns are given for several addition compounds of chitosan with 
lithium thiocyanate and sodium hydroxide. 

11. It is reported that analyses show^ only about one-half of the nitrogen 
reciuired for Lowy’s structure of chitosan, and it is suggested that there may 
be hydrolysis of the amine' group to hydroxyl. 

12. It is suggested that steric hindrance from an adjoining molecule may 
account for the hydrolysis of only half of the amide groups in chitin by 
alkali. 
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The anglo of ooiitact formed between solid, liquid, and gas, or between 
solid, liquid, and liquid is a function of the tensions existing between the 
phases in (’ontact. Since the surface tension of a phase is numerically 
equal to its free surface energy, measurement of contact angles is of im- 
portance in connection with studies of free surface' ('iiergy relations of given 
systems. Various methods have been (‘inployc'd for measuring the contact 
angle, as for exanqde, the sessil(*-drop method, transpar(‘nt-capillary-tube 
methoel, tilting-plate method, rotating-cylinder mc'thod, bublile method, 
drop-on-horizontal-plat(‘ method, cominnation dro])-volume and (*apillary- 
as(*ension method, i)ressure-of-displacement method, and others. Any 
one of these methods will give reliable results pro^'ided it is used under 
properly controlled conditions. It is of greatest importance that the 
exact treatment history of the solid i)hase be known. Failure of different 
investigators to use solids with the same treatment history ac(*ounts 
largely for the divergent values for contact angles found in the literature. 

It became desirable in connection with o\ir rc'searches to adopt some 
method with which measurements could be carried out rapidly. Pre- 
liminary tests indicated that readily duplicable results could be obtained 
by immersing the solid, in the form of a rod, vertically through a horizontal 
liquid interface. Other investigators had used a vertical-rod method (4, 7) 
or a vertical-plate method (2, 3) in investigations dealing with surface 
energy relations, but no simple rod method had been described which gave 
readily duplicable results for solid -liquid- air angles and for all types of 
solid-water-organic liquid interfacial angles. Such a method was de- 
veloped and has been used throughout this investigation. This method 
will be referred to as the ‘Vertical-rod^' method. 
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VERTICAL-ROD METHOD FOR OBSERVING SOLID-LIQUID“AIR CONTACT ANGLES 

For the measurement of solid-liquid-air contact angles the solid rod was 
placed vertically through the liquid surface, and a microscope in a hori- 
zontal position was focused on the system with the line of contact of the 
liquid with the solid approximately in the center of the field. In order to 
secure a true representation of the configuration of the surfaces in such a 
system, it was necessary that any liquid or solid through which the illumi- 
nating light ray was passed be bounded by plane surfaces and be of uniform 
thickness. For the case of solid-liquid-air systems in which the contact 
angle was less than 90° it was easy to arrange the apparatus so that observa- 
tion could be made without having the light ray pass through any liquid 
or solid media. This was accomplished by filling to the brim with the 
liquid to be investigated a small rectangular glass cell having one hori- 
zontal dimension of approximately 1 cm. (figure la). The cell was 
mounted against the microscope stage and was adjusted so the surface of 
the liquid appeared in the field of the microscope unobstructed by the sides 
of the cell. The liquid surface under these circumstances was unprotected 


5 

e,n<90* 



Fig. 1. Cell used for observing solid-liquid-air contact angles 


from atmospheric contamination, and it was found best to enclose this 
small cell in a larger rectangular cell which could be covered except for the 
small aperture through which the rod was inserted. The large cell had 
walls of clear plane polished glass. 

In case the solid-liquid-air angle, dim was greater than 90° and there was 
a depressing of the liquid around the rod, the light beam had to pass through 
the liquid. For this case the cell was but partially filled with the liquid 
(figure lb). The illuminating beam of light passed through the cell walls 
and through the body of the liquid. Since the cell walls were plane and 
were parallel to each other there was no distortion of the image in the 
microscope. 


VERTICAL-ROD METHOD FOR OBSERVING SOLID-LIQUID-LIQUID CONTACT 

ANGLES 

The arrangement of apparatus used for interfacial solid-liquid-liquid 
systems depended upon the characteristics of the system under investiga- 
tion. When water and an organic liquid (immiscible with water) were 
poured into the cell and a rod inserted, a contact angle solid (rod)-water- 
organic liquid, ^ns, represented in figure 2, a, b, c, or d, was formed. An- 
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other contact angle, solid(cell wall)-water~organic liquid, was also formed. 
Since the cell walls were of glass, they were more readily wetted by water 
than by organic liquid and the interfacial contact angle of the liquids with 
the cell wall, when measured through the water phase, was acute. The 
interfacial angle solid(rod)-water-organic liquid, ^ns, could readily be 
viewed through a microscope in a horizontal position at the side of the cell 
in cases a and b, but in eases c and d the interfacial angle solid (cell wall)- 
water- organic liquid obscured the view. In such cases devices such as are 
shown in figure 2, c' and d', were utilized. In the diagrams ii refers to 
organic liquid, 3 refers to water, the symbol Bnz represents the solid(rod)- 
water-organic liquid angle which is expressed as measured through th(' 
water phase, and symbols rfn and da represent the densities of organic liquid 
and water, respectively. 


a 




0n3>9O* 
<13 >dn 



003 <90* 

d3 >dn 



0n3<9O* 
1)3 < dn 


+1 

0n3 > 90* 

dj < dn 



9n3< 90* 

dj >dn 



0n3 > 90* 

•^3 < 


d' 


Ficj. 2. Coll used for observing solid-liqiiid-liquid contact angles 

Situation c was realized with a silica water benzene system. Proper 
conditions were attained in this case by filling the small (inner) cell to the 
brim with the denser liquid, and allowing the lighter liquid to flow into the 
larger cell until the small cell was completely submerged. This gave a 
liquid-liquid interface at the top of the small cell which was slightly convex 
upwards. When the rod was thrust vertically through the interface, the 
angle of contact of the interface on the solid being acute with respect to the 
denser liquid, the interface rose slightly and was easily brought into the 
field of the microscope. 

Situation d was realized with a silica-water-a-bromonaphthalene 
system. To obtain an unobstructed view of this system a glass tube, open 
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at both ends, was supported vertically in the larger cell, with the lower end 
of the tube at least a centimeter from the bottom of the cell. The lower 
end of this tube was ground flat, normal to its axis. The tube was about 
5 cm. in length and had an inside diameter such that when the solid rod, on 
which the measurement was to be made, was fixed in its center there was 
3 mm. or more of clear space between the rod and the inside wall of the 
tube. The denser of the two liquids was first run into the cell until the 
lower end of the open tube was completely submerged. Then by adding 
the lighter liquid at the top of the open tube, the liquid-liquid interface 
was pushed down the tube by hydrostatic pressure until it became visible 
at the lower end of the tube. The solid rod on which measurements were 
to be made was placed in the center of the tube and was then extended 
through the liquid-liquid interface. The interfacial contact angle thus 
formed was easily observed and photographed. 

Method of measuring angles 

The system to be examined was carefully adjusted; light from an arc was 
focused upon the rod so as to give good illumination of the line of contact. 
A microscope in a horizontal position was focused upon the points of contact 
at the maximum observable diameter of the rod, and photomicrographs 
were taken. The angles were either measured directly upon the photo- 
graphic plate (lantern slide size) by means of a specially designed tangent- 
meter or were measured from the image projected upon a screen. 

PRELIMINARY EXPERIMENTS ON EFFECT OF HEAT TREATMENT ON MAGNITUDE 

OF CONTACT ANGLES 

Pyrex and silica rods 1 to 3 mm. in diameter were cleaned by treating 
with dilute nitric acid, washing with a large quantity of water, steaming, 
and heating to 450®C. in air for three hours. When these rods were cooled 
very slowly, they exhibited zero solid-water-air contact angles. When 
they were cooled rapidly, they gave small finite contact angles with water. 
Cleaned rods, 3 mm. in diameter, were drawn out to less than 1 mm. by 
heating either in^a blast flame or in a platinum resistance coil. The solid- 
water-air contact angle varied from a value of zero on the 3-mm. and 1-mm. 
portions, i.e., maximal and minimal diameters, respectively, to over 30® on 
the conical section of the rod.^ Upon examination of the conical section in 
polarized light, an intense strain was revealed. 

Pyrex-organic liquid-air and pyrex-water-organic liquid contact angles 
were also investigated with such drawn-out rods, but quantitative correla- 

^ A similar observation was made in this laboratory by Bar tell and Stenzel who 
observed finite Pyrex-water-benzene contact angles within cone-shaped capillary 
tubes (unpublished observation). 
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tion of the free surface energy changes was impossible because of the 
impossibility of exactly duplicating a stressed specimen. 

Freshly fused, rapidly cooled, solid Pyrex spheres of several millimeters 
diameter also showed an int(*nse strain when examined between crossed 
Nicols. Such spheres gave an angle of about 80® with water. It has been 
suggested that tangential surface stresses exist upon rapidly cooled solid 
glass spheres (8). Removal of the strain by careful annealing caused the 
spheres to give zero solid-water-air contact angles. It is interesting to 
note that freshly blown hollow Pyrex bulbs gave zero solid- water- air 
contact angles; these' bulbs appeared unstrained when examined in polar- 
ized light. 

To substantiate the results with stressed specimens, the drop-on-plate 
method was (‘iiiployed. (compression of a Pyrex glass plate caused the 
solid" water-air contact angle to increase from zero to about 10°. Release 
of the (‘onipressi\’f' force gave a surface w^hich showed a zero contact angle 
with w ater. When ])rass plat('s w^ere subjected either to compressive or to 
('xtensive stress, the solid-water air contact angle could be increased from a 
valu(‘ of 45° to a valiK' of about 60°. 

Carefully aniK'aled glass surfaces, giving zero solid" water-air contact 
angles, when allowed to stand in air showed an increase of contact angle 
with time of standing (6). Such changes were generally of the order of 
15° to 20° for glass, but (‘V('n greater effects w'ere obtained with advancing 
angles on metals. Sor[)tion of gases or vapors (5) from the air may have 
been responsible for these changes. 

EFFECT OF HEAT TREATMENT ON SILICA 

The effect of heat treatment on solids seemed, from the preliminary tests, 
to be readily duplicable in the absence of strain. The major portion of the 
remainder of this iinTstigation has been concerned, therefore, with such 
effects under diverse, though exactly defined, conditions. 

A summary of results obtaim'd with silica against a-bromonaphtha- 
lene and against acetylene tetrabromide is given in table 1. 

The results illustrate (‘learly that the previous treatment of the solid is an 
im})ortant fa(*tor in determining the size of the contact angle. A fresh 
silica surface, that is, one that had been prepared by carefully drawing out 
a large*, clear, fused silica rod, showed a moderate hysteresis effect, or 
difference betw^een the advancing and receding contact angles with a- 
bromonaphthalene and acetylene tetrabromide. Silica that had been 
cleaned with hot chromic acid, w^ashed with w^ater, steamed, and dried at 
100°C. show^ed approximately the same effects. 

A silica rod that had been heated to 4()0°C. gave an advancing angle of 
practically the same value as the receding angle. This change was not 
permanent, how^ever, for if the silica that had been heated at 400°C. was 
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allowed to stand for a few hours in dry air the contact angle returned to a 
value as great as or greater than the original value for the freshly drawn 
rod. Contact angles could be readily duplicated to db4°. The general 
results obtained were in good agreement with those presented by Bartell 
and Wooley (1) for similar systems, but obtained by a different method of 
measurement. 


TABLE 1 


Advancing and receding contact angles for the systems a-hromonaphthalene-silica-nir 
and acetylene tetrabromide-silica-air 


PRBTHEATMIDNT 

HBAT 

TREAT- 

MENT 

TIME OF 
HEATING 

Ot-RROMONAPHTHA- 

I.ENE 

ACETYLENE 

TETR A BROMIDE 


temper- 

ATURE 

Ba* 


9a 

ffr 

Newly drawn surface . ... 

•(7 

hours 

12° 

5° 

19° 

14° 

Steamed 

100 

1 

13° 

6° 

21° 

16° 

Steamed 

400 

1 

6° 

5° 

15° 

14° 

Steamed 

400 

3 

0° 

0° 

15° 

14° 

Steamed 

400 

:« 

15° 

i 6° 


15° 


* da — advancing contact angle. 

t = receding contact angle. 

t Then stood in dry air at 25 °C. for 12 hours. 


EFFECT OF HEAT TREATMENT ON METALS 

Gold and platinum were chosen for the study of contact angles on metals. 
Because of their resistance to corrosion it was believed that surfaces of 
greater constancy in properties could be obtained with these metals than 
with less noble metals. When these metals had been heated, both the 
advancing and receding solid-water-air contact angles were found to liave 
decreased. In order to evaluate if possible the effect of heating upon the 
behavior of the metal surface, a method of pretreatment of the surfa(*e was 
sought by means of which one might obtain a surface in an easily n*pro- 
ducible condition. The criterion of constancy of surface condition was the 
solid-water-air contact angle formed on the metal surface. 

The surfaces of the metal rods were carefully polished with the edge of a 
finely ground glass plate, washed briefly in acid, washed thoroughly with 
water, steamed, and then heated in an oven at 100°C. for one hour. It 
was found that the surfaces so prepared exhibited with water, within com- 
paratively narrow limits, ±4®, the advancing and receding angles of con- 
tact shown in table 2. 

Heating to higher temperatures caused a decrease in both the advancing 
and receding angles. A fairly wide variation of values was found ynth some 
of the systems, which indicated that it was not easy to reproduce, exactly, 
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surface conditions of the solid. The free surface energies of the solids 
appeared to change rapidly when exposed to air at room temperature, as 
was noted by taking contact angle readings at intervals of even a few 
minutes (6). Metal surfaces differed from silica surfaces in that there 
was no apparent tendency for receding angles to increase upon exposure of 
the surface to air for a period of time. It was evident that in a study of 
metal surfaces gn^at care must be taken to follow given methods of pre- 
treatment so as to prepare standard surfaces for use as surfaces of reference. 


TABLE 2 

Contact angles of the water-gold and water-platinum systems 


TUEATMENT 

CONTACT ANQLB8 


Gold 

Platinum 

1 . Metal polished, steame<l, heated at 1(K)°(^ for 1 hour 
Water advancing 

70° 

63° 

Water receding 

40° 

28° 

2 Metal polished, steamed, heated at fiOO^C. in air for 

1 hour 

Water advancing 

13° 

0° 

Water receding 

0° 

0° 

3. Metal polished, steamed, heated at6(K)®C' in hydrogen 
for 1 hour 

Water advancing 

20^-30° 

35°-41° 

Water receding 

0° 

0° 

4 Metal polished, steamed, heated at 6(X)°C. in air for 

2 hours 

Water advancing 

0° 

0° 

Water receding 

0° 

0° 

"). Metal polished, steamed, heated at 6(X)®C. in air for 

2 hours, then 24 hours in air at 25 ®C. 

Water advancing 

65° 


Water receding 

0° 

0° 

6. Metal polished, steamed, heated at 600°C. in air for 1 
hour, then 24 hours in air at 25 

Water advancing . . 

55° 

51° 

Water receding 

0° 

0° 


Measiireiiients of interfacial contact angles formed on metals by the 
interfa(‘e water-organic liquid were also made. The values obtained varied 
within fairly wide limits, depending upon the precise pretreatment of the 
solid, just as did the values for the solid-water-air angles. Data obtained 
will not be presented in this paper, inasmuch as results have since been 
obtained for similar systems, but with metal rods that were pretreated in a 
manner which has been found to give more exact and reproducible results. 
These results will be presented in an early paper. 
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SUMMARY 

1. A method has been developed for the measurement of contact and 
interfacial contact angles against either transparent or opaque solids which 
can be formed into rods. This method is called the vertical-rod method. 
The method appears to be accurate and can be used to follow adhesion 
tension changes, and hence gives information concerning free surface 
energy changes which occur on the surface of solids. The solids studied in 
this investigation were Pyrex, silica, gold, and platinum. 

2. It has been shown that the precise method of pretreatment of a solid 
surface is important in a study of its surface properties. 

3. The presence of strains in glass appears to account for the large water- 
air contact angles observed on strained glass surfaces. Removal of the 
strain by careful annealing decreases the contact angle of water on 8U(*h 
surfaces to zero. 

4. Aging of glass and metal surfaces increases the magnitude of the solid- 
liquid-air contact angle formed upon them. 

5. Heat treatment of solids can greatly alter the magnitude of the 
contact angle. 
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It was shown in a provious pai)or (2) that the vertical-rod method can 
be used for the measurement of solid -liquid-air and solid-licpiid-liquid 
contact angles and that it is particularly suitable for obtaining information 
concerning changes in free surface energy of metals and of other solids 
which can be obtain(‘d in the form of rods. In the present investigation 
the effect of heat treatment in air on gold, platinum, and steel was studied 
by means of th(‘ vertical-rod method. The liquids used were water, 
benzene, a-bromonaphthalene, and acetylene tetrabromide, purified 
according to methods pres(Mitf‘d in earlier papers from this laboratory. 

phepahation of a standard surface 

In ord(»r to measure the change in the angle of contact formed by a 
liquid on a metal after heat treatment of the metal, it was necessary that 
the initial surface condition of the metal be definite and reproducible. A 
method of j)retreatment of gold and platinum was found which gave a 
standard surface* whose solid water-air contact angle could be reproduced 
to within ±4°. The gold or platinum rod was first carefully and com- 
pletely scraped with the edge* of a carborunelum crystal, was next polished 
with the edge of a roughly ground glass plate, and was then polished with a 
finely ground glass plate until the surface, as observed under a microscope, 
was practically free* of microscopic striations. The rod was handled at all 
times with cle?an tin foil. After polishing, it was washed briefly in concen- 
trated hydre)chle)ric acid, then thoroughly with distilled water. It was 
then steamed for one hour and finally heated at 100°C. in an electric oven 
in air for one hour. The standard surface gold-water- air ce)iitact angle 
was 68° zh 4°. The standard surface platinum-water-air contact angle 
was 63° zt 4°. Only rods giving values within these limits were used for 
subsequent heat treatment. 

Steel, owing to its greater susceptibility to oxidation, did not give a 
^^standard^^ surface after the same pretreatment as that given to gold and 
platinum. Various attempts to obtain a standard steel surface were 
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made, but no satisfactory method of treating steel in air was found. 
Measurements on heat-treated steel were made, but since no satisfactory 
reference value was found, data on steel will not be given in this paper. 

The thorough polishing given the metals in the pretreatment tends to 
make the surface entirely amorphous (4). This polishing removes the 
effects of previous heat treatments so far as the surface is concerned, for, 
though evidence obtained from the literature (5, 6), as well as from our own 
experiments, indicates that heat treatment may produce certain specific 

TABLE 1 

Equilibrium advancing contact angles and adhesion tension values for water on heat* 

treated gold and platinum 


AOVANClMa CONTACT ANGLSB AND ADHBBION TBNBION VALUBB 


HEAT TRSATBO 
FOR 1 HOUR AT 

Gold 

Platinum 


0ii 

Cos $12 

Au 

$12 

Cos 0it 

All 

•c. ! 







100 

68° 

0.3746 

26 97 

63° 

0 4r>40 

32.69 

200 

57° 

mmm 

39 21 

49° 


47.24 

300 

45° 

■Bn 

50,91 

36° 


58 25 

400 

36° 

0.8090 

58 25 

25° 

0 0063 

65 25 

500 

25° 

0 9063 

65.25 

13° 

0 9744 

70 16 

600 

13° 

0 9744 

70.16 

0° 

i 



TABLE 2 

Alteration with time of standing in air of equilibrium advancing contact angles and 
adhesion tension values for water on heat-treated gold 


BOUBBIN 

AIR 

GOLD PRBVIOUBLT HBAT- 
TBBATBD AT 100*C. FOR 1 HOUR 

GOLD PREVIOUSLY HFAT- 
TRBATBD AT 400"C FOB 1 HOUR 

1 

GOLD PREVIOUSLY HBAT- 
TKEATBD AT 600*C. FOR 1 HOUR 


Cob $u 

Aa 

$1$ 

Cos $12 

Au 

$12 

Cob $12 

All 

i 

68° 

0.375 

26.97 

36° 

0.809 1 

58.25 

13° 

0,974 

70.06 

1 

69° 

0.358 

25 81 

39° 

0 777 

55.95 

22° 


66.76 

5 


0.342 

24.62 

48° 

Emm 

48.18 

38° 

0.788 

56.74 

10 

68° 

0.375 

26.97 

50° 



47° 

0.682 

49.10 

24 

71° 

0 326 

23.44 

51° 

0.629 

45.31 

53° 


43.33 

120 


0.342 

24.62 

57° 


39.21 

55° 


41.30 


internal effects as well as surface effects, the surface appears to be affected 
by internal conditions only if the rod is not sufficiently polished or if it is 
allowed to stand too long a time before being used after polishing. 

CONTACT ANGLE MEASUREMENTS ON HEAT-TREATED GOLD AND PLATINUM 

IN AIR 

The metal rods were first treated so as to obtain the standard surface. 
They were then heated for one hour at a definite temperature, the tern- 
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peratures for the different rods ranging in 100°C. steps from 100® to 600®C. 
± 5®. The contact angle was measured not later than fifteen minutes 
after the rod had cooled to room temperature, this length of time being 
necessary to set up the rod system and to obtain proper focusing of micro- 
scope and camera. Measurements were carried out at a temperature of 
25®C. ± 2®. The contact angle was photographed and its image was 
measured directly on the i)late or was j)rojected on a screen and measured 
(2). Table 1 gives the water- air advancing contact angles obtained with 
heat-treated gold and platinum, and the adhesion tension values, An, 
calculated from the cosines of these angles. It will be noted that the 
angle of contact decreases with progressively higher temperature of heat 
treatment. 


TABLE 3 


Interfacial contact anglcs.ynetal water-organic liquid, for heat-treated gold and platinum 


HEATEO 
AT ®0. 

BENZENE 

a-HROMONAPTHALENE 

ACETYLENE TETJkABUOMIDE 

FOR 

1 HOUR 

Oni j Cos dni 1 Am 

j Cos 6na 1 A in 

^n| j 

Cob Ojii j Am 


Gold 


300 

141 " 

-0 7771 i 

77 88 

146'’ 

-0 8290 

8.5 40 

138° 

-0 7431 

79 37 

400 

\vr 

-0 3907 

71 81 

nr 

-0 3384 

73 16 

11.5'^ 

-0 4226 

74 44 

50() 

89'’ 

+0 (1175 

64 65 

86 

+0 0698 

62 35 

88° 

+0 0349 

62 88 

60() j 

78^ : 

1 

+0 2179, 

62 95 

o 

-fO 273)6 

58 69 

83° 

+0 1219 

6,5 49 


Platinum 


3(K) 

123° 

— 0 .5446 

77 15 

123° 

—0 5446 

80 91 

128" j-0 6157 

81 83 

4(X) 

8.5° 

+0 0872 

62 22 

8:1° 

4-0 1219 

60 28 

86° 1+0 0698 

62 .58 

500 i 

72° 

-fO 3090 

59 44 

77° 

4-0 2250 

60 80 

75° !+0 2588 

60 25 

600 

61° 

-f 0 4848 

(55 18)* 

63° 

4-0 4.540 

(53 11)* 

6.5° j+0 4226 

(.55 81)* 


♦ All the Ai„ values except those marked ( )* were calculated from the equation 

A 13 — Ain - cos (scc rofcrencc 3) using the data from tables 1 and 3. The 
three Am values marked ( )* were calculated from the empirictal equation Am = 

(12.8 — *S\» 3 ) cos Bns + ho. 2 (see reference 1). 

AVhen th(* h('at -treated metals stood in air, the contact angle assumed a 
largcu* value (2, 7). The rate and magnitude of this change for gold are 
shown in table 2. Similar data were obtained with platinum. It will ))e 
noted that the initial change was very rapid. Such age-change phe- 
nomena were })robably due to sorption. 

WATER -ORGANIC LIQUID INTERFACIAL CONTACT ANGI.E MEASUREMENTS 
ON GOLD AND PLATINITM 

Gold and platinum rods were treated to obtain the standard surface, and 
the interfacial contact angle, metal-water-organic liquid, was measured. 



892 


F. E. BARTELL AND MIKE A. MILLER 



Fig. 1. Change in adhesion tension with heat treatment. Platinum one-quarter 
of an hour in air, □, platinum-water-air; A, platinum-benzene-water; O, plati- 
num-acetylene tetrabromide-water; X, platinum-a-bromonaphthalene-water. 
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Fig. 2. Change in adhesion tension with heat treatment. Gold one-quarter of 
an hour in air. □, gold-water-air; A, gold-benzene-water; O, gold-acetylene 
tetrabromide-water; X, gold-a-bromonaphthalene-water. 
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The results are presented in table 3. All angles were measured through 
the water phase. As in the ease of the metal-water-air angles, the metal- 
water-organic liquid angles decreased with increasingly higher tempera- 
ture of heat treatment. For the three systems of liquids investigated, the 
interfacial contact angles were approximately the same against a given 
solid surface, the deviation in most cases being well within the limits pre- 
scribed for the standard surface (i.e., zt 4® for the metal-water- air contact 
angle) . 

Since the interfacial angles formed on these metals by the three organic 
liquids were all practically the same, the empirical eejuations developed by 
Bartell and Bartell (1), relating the cosine of the interfacial angle (cos Ons)^ 



Fig. 3. Change of cosine of contact angle Kns and Kia with heat treatment. 
gold-water-air; platinum-water-air; O, organic liquid-water-gold; A, organic 
liquid-water-platinuni . 


to adhesion tension, may apply to these metals. That they do apply can 
readily be shown. 

If adhesion tension values, calculated from the observed advancing 
water- air contact angles on metals after various heat treatments, are 
plotted against and if the corresponding Kns values for the given heat- 


‘The symbols used in this pai;>er are the same as those used in recent papers from 
this laboratory, i.e., <S represents surface tension, interfacial tension, or free surface 
energy, A represents adhesion tension, B the contact angle, and K is the same as the 
cosine of B within the limits of +1 and —1, but may take on values greater than 
-fl and less than —1. The subscripts 1, n, and 3 refer to the solid, any organic 
liquid, and water, respectively. 
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treated metals are plotted as a second abscissa scale, the graphs shown in 
figures 1 and 2 are obtained. The straight line drawn through these 
points is the so-called ‘Vater-line^' (1) whose equation is: 

^13 = 12.8iiCn3 + 65.2 

The area enclosed in the rectangles represents the limits of experimental 
error for the given temperatures of pretreatment. 

If temperature of heat treatment is plotted against Kn and against 
smooth curves, as shown in figure 3, are obtained. From inspection of 
these curves it can be seen that gold and platinum, heat-treated at the 
temperatures corresponding to the ordinates of points A and fi, respec- 
tively, should exhibit zero advancing water-air contact angles. Gold and 
platinum, heat-treated at temperatures corresponding to the ordinates of 
points C and Z), respectively, should exhibit water organic liquid inter- 
facial contact angles equal to 180°. This was found cxi)erimentally to be 
correct. 


SUMMARY 

Rods of gold and platinum were given a special pretreatment so as to 
have standard surfaces for reference. Such a standard surface could not be 
produced on rods of steel treated in air. Standard surface rods of gold and 
platinum were subjected to heat treatment in air at given temperatures 
ranging between 100° and 600°C., and changes, due to heat treatment, in 
contact and interfacial contact angles were measured by the vertical-rod 
method. 

With low-temperature treatment the metals were fairly strongly organ- 
ophilic, while with higher temperature treatments they were less strongly 
organophilic and could even be caused to become hydrophilic in nature. 
The changes were probably due to oxidation and recrystallization. The 
surface properties were found to alter with time of standing after heat 
treatment. 
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Recent eomiiuini(‘ations from this laboratory (2, 8) have shown that 
large changes in surfaces properties of metals, caused by heat treatnuait of 
the metals in air, can be m(»asured by measurement of the metal water-air 
and metal water ()rgani(* liciuid contact angles. A method of pretreat- 
ment of metals to obtain a standard refen^nce surface has been described (3). 
This iiKdiiod included polishing and mild heat treatment, both opera- 
tions being carried out in air. 

The present investigation had as its major aim the evaluation of the 
sp(‘cific effects of the gas phase during heat treatnnuit of metals. For this 
investigation a somewhat different method of prei)aration of standard 
metal surface 'was used, since metals polished in air undergo wear oxidation 
(5, 8) as well as grain or crystal fragmentation (6). E\'en noble metals 
such as gold arc* known to undergo w(‘ar oxidation (5) and to be cai)able of 
existing in several distinct oxidation patterns (7). For the present in- 
vestigation standard metal surfaces were i)r('pared by thorough polishing 
of the nn'tals in an atmosphere of nitrogen and subsequent mild lieat treat- 
ment in a vacuum. Differences of surface due to different degrees of 
crystal fragmentation were eliminated by the thorough polishing (4); and 
the use of a nitrogen atmosphere during polishing and of a vacuum (evacu- 
ated from a nitrogen atmosphere) during heat treatment, removed almost 
entirely the possibility of wear oxidation or heat oxidation. 

The experiments on heat treatment of standardiz('d metal surfaces fell 
naturally into two groups: (a) heat treatment of metals in a vacuum and 
(6) heat treatment of metals in different gases. In the experiments in a 
vacuum, gold, platinum, copper, and 18-8 stainless steel were used. In 
the experiments in gases, silver, aluminum, tungsten, and brass were used 
in addition to the metals listed above. The gases used were nitrogen, 
hydrogen, and oxygen. The nitrogen was })urified by passing tank nitrogen 
successively through copper- ammonium (carbonate solution, molten phos- 
phorus, a reduced-copper furnace, and suitable drying towers. Oxygen 
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and hydrogen were carefully dried before being used. The liquids used for 
contact angle measurements were water, benzene, a-bromonaphthalene, 
and acetylene tetrabromide, all carefully purified. 


PRODUCTION OF STANDARD METAL SURFACES AND MANIPULATION OF THE 
VACUUM APPARATUS FOR 80LID~L1QUID-GAS CONTACT ANGLE 
MEASUREMENTS 

For production of a standard metal surface, the metal rod was drastically 
polished in air, being handled with clean tin foil at all times. First, it was 
thoroughly scraped with the edge of a carborundum crystal, then it was 
polished with the flattened finely ground end of a quartz rod. The metal 



Fia. 1. Polishing apparatus 


rod was then placed in the holder, V, figure 1, of the polishing apparatus 
and nitrogen was allowed to flow through this apparatus for at least one 
hour. After this the rod was polished in a nitrogen atmosphere in the 
same way as it had been polished in air, by means of the carborundum 
crystal, D, and the quartz rod, E. When a surface had been obtained 
which was practically free of microscopic striations, as shown by examinar 
tion through the magnifying window, U, of the apparatus, the rod was 
released from its holder into the lower glass compartment, L, shown in figure 
1, side view. In this compartment it was transferred in an atmosphere of 
nitrogen to the main vacuum apparatus, figure 2. 

The vacuum apparatus had previously been swept out with pure nitrogen 
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for at least one hour by means of a nitrogen line connected at B. With the 
gas flowing through the apparatus, the heating unit (carrying W, the heat- 
ing coil) was placed in position. The apparatus was flushed out with nitro- 
gen for another hour after the rod and heating unit were in place. The 
gas line was then disconnected; stopcock (mercury-seal type) S was closed, 
and a mercury-seal cap pla(‘f*d over the lower opening, B. The entire unit 
was then evacuated to a pressure of mm. of mercury. The electric 
current was turned on in the heating coil, and the flow of electricity was 
regulated to a pred(‘termined value. The amount of electricity required 



Fig. 2. Main vacuum apparatus 

dcpc'nded upon the temperature of the heat treatment and upon the radia- 
tion loss of the apparatus at that temperature. It had to be predeter- 
mined for each temperature of heat treatment. The temperature of the 
metal rods was measured with a calibrated iron-constantan thermocouple, 
T, in conjunction with a potentiometer and galvanometer. For the pre- 
treatment to give a standard reference surface, this temperature was 100°C. 

The time-temperature curve for the approach from 25°C. to the desired 
temperature of treatment was plotted so that the exact amount of heat 
energy communicated to the metal could be duplicated in subsequent 
measurements. When the temperature had attained the constant value of 
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100®C. (or whatever temperature was being used), the system was al- 
lowed to remain thus for exactly one hour, after which the current was 
turned off and the entire apparatus allowed to cool, the vacuum being 
carefully replaced with pure nitrogen. The time rate of cooling from a 
given temperature was made the same for each rod. 

A blank run was made before each measurement at the temperature to be 
used in the measurement proper. This run was made in the hope of 
eliminating gases dissolved in the glass of the apparatus, which might be 
given off at the higher temperatures. In this way, it would seem that any 
gases given off from the glass up to and at the given temperature would be 
eliminated and pure nitrogen resorbed in their place. In the subsequent 
measurement at the same temperature, less, or practically no, foreign 
gases should be evolved from the glass. Nitrogen was kept flo\\'ing through 
the cooled apparatus until it was ready for the measurement proper. 

A liquid-air trap was used between the apparatus and the vacuum pump. 
The vacuum pump was a merc\iry-vapor pump backed by a high“^ acuurn 
oil pump, used in conjunction with a McLeod gauge. All joints and stop- 
cocks were of the mercury-seal type. 

After a rod had been polished and heat treated at 1()0°C. to bring its 
surface to the standard reference condition, its surface condition was deter- 
mined by measurement of the metal-water-nitrogcn contact angle. This 
measurement was carried out in the following manner: 

When the rod had cooled to 25®C., the heating unit was removed, with 
nitrogen flowing through the apparatus, and the unit A (figure 2, side 
view) attached in its place. The nitrogen line was disconnected, and the 
siphon attached in its place by means of the ground-glass joint. AN'ater 
was then siphoned into the glass cup or cell, (', in the apparatus. The 
advancing contact angle was thus formed. Several measurem(‘nts could 
be made on the same rod by raising the siphon reservoir and causing the 
liquid to advance slightly before each measurement. Lowering the siphon 
reservoir gave the receding angle. Each angle was either photographed 
or projected directly onto a special screen for measurement, as described 
in a previous communication (2). These angles could be readily dui)licated 
to db2°. A minimum of three check runs was made on each system in- 
vestigated. The tabulated results represent the averages of all runs for a 
given system. 

MANIPULATION OF VACUUM APPARATUS FOR THE MEASUREMENT OF 
SOLID-LIQUID-LIQUID CONTACT ANGLES 

For the measurement of solid-liquid-liquid interfacial contact angles, 
various devices, depending upon the relative glass-wetting characteristics 
and densities of the two liquids, had to be used in conjunction with the 
apparatus shown in figure 2. The diagrammatic sketches of such mechan- 
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ical devices have appeared in a previous paper (2). Except for the use of 
these additional devices the manipulation of the apparatus was the same 
as for the measurement of solid-liquid-gas contact angles. 

TABLE 1 

Alteration of magnitude of contact angles of several metals upon heat treatment of the 

metals in vacuum 

METAL H 2 O C6Hfl METAL-H20-AcBr4 METAi -H^O-a-BrN 


Ktis Ain Vni Ana Am 0n% Kn» Ain 


Gold 


100 72“|o 309 
200 a'i-jO 819 

22 3 
59 0 

180° 

120° 

-0 500 

(139 3) 
76 3 

180°l 

120“j-0 .5(K) 

(149 0)' 
78 1 

180° 

120°! 

-0 500 

(163.5) 
79 8 




* 

Platinum 





100 OTi-jo 423 

30 4 

180®| 


(12.5 1) 

180°| 

(133 5) 

1 180° 


(145 5) 

200 32‘'10 848 

1 61 1 

108® 

-0 309 

71 8 

109®j-0 326 

73 5 

109® 

-0 326 

74 6 

Copper 

100 60^0 500 

36.0 

1 180® 

i 

1 

(115 5) 

180®; 

(122 8) 

180" 


(132 0) 

150 40“!0 766 

55 2 

1 139® 

-0 755 

81 3 

140°j-0 766 

84 5 

140® 

-0 766 

88 8 

200 28® 0 883 

63 6 

96® 

-0 105 

67 2 

96® -0 105 

67 6 

96® 

-0 105 

67.9 

250 20® 0 940 

67 7 

80® 

0 191 

61 0 

80° 0 191 

60 4 

80° 

I 

0 191 

59.7 


18-8 stainless steel 


1001 

41 ®0 755 

54 3 

144° 

-0 809 

82 4 

146° 

-0 829 

86 1 

144° 

-0 809 

88 0 

150 

10° 0 990 

i 70 9 

64® 

0 438 

55 7 

64® 

0 438 

.54 1 

' 64° 

0 438 

52.7 

200 

0® 

(75 3) 

40® 

0 766 

48 6 

38® 

0 788 

45 1 

38® 

0 788 

42 6 

250 

0"| 1 

(76 2) 

32® 

0 848 

46 8 

30® 

0 866 

43 7 

1 

31® 

0 857 

i 40 9 

I 


* The symbols used in tliis paper are the same as those used in recent papers from 
this laboratory, i.e., N represents surface tension, interfacial tension, or free surface 
energy, A represents adhesion tension, 6 the contact angle, and K is the same as the 
cosine t>f 0 within the limits of 4-1 and —1, but may take on values greater than 4*1 
and less than ~1. The subscripts 1, n, and 3 refer to the solid, any organic liquid, 
and water, respectively. AcBr 4 = acetylene tetrabromide ; a-BrN == a-bromo- 
naphthalene. Values in parentheses were extrapolated from diagram. 

ALTERATION OF MAGNITUDE OF CONTACT ANGLES OF METALS ON 
HEAT TREATMENT OF THE METALS IN A VACUUM 

The results of the investigation of contact angle changes on heat treat- 
ment of metals in a vacuum are given in table 1. All the angles given in 




900 


F. E. BABTBLL AND HIKE A. MILLBB 


table 1 are “equilibrium" advancing angles. The metal-water-nitrogen 
angle for a given metal heat-treated in a vacuum decreased in a regular 
manner with increasing temperature of heat treatment. For a given tem- 
perature of heat treatment the magnitude of this angle for the different 
metals varied in the order of their apparent reactivity. This might seem 
to indicate oxide film formation, due to the presence of traces of oxygen 
during the heating process, since progressive oxide film formation would 
give increasingly hydrophilic surfaces and decreasing contact angles with 
water. No temper colors, i.e., no visible indications of an oxide film, were 
noted, however, on any of the metals, even when they were treated for 





Fig. 3. Knz versus adhesion tension 

long periods of time at over 400‘’C. in the vacuum apparatus. It seems 
more probable, therefore, that heat oxidation had been eliminated in the 
vacuum apparatus, and that the decrease in the contact angle was caused 
by changes in the crystal structure of the metal during the heat treatment. 
Sorption of nitrogen by the metals probably also took place. 

For the three different liquid-liquid systems tested, the interfacial con- 
tact angles on a given metal, heat-treated at a given temperature in a 
vacuum, were all the same within the limits of experimental error. The 
empirical equations of Bartell and Bartell (1) may then apply to these 
metals heat-treated in a vacuum. When the data obtained are plotted on 



FRBB SVBFACB BNESOT OF SOLIDS. Ill 


901 


a/iCns versus adhesion tension graph, as shown in figure 3, the points lie in 
straight lines whose equations are the equations cited above. 

The progressive alteration of the contact angles of metals heat-treated 
in a vacuum is in accordance with results previously obtained for heat 
treatment of metals in air (3), and lends assurance to the previous conclu- 
sion that crystallization phenomena are in part responsible for such changes. 

METHOD OF HEAT TREATMENT OF METALS IN DIFFERENT GASES 

Standard surface rods were polished in the given gas in the apparatus 
shown in figure 1, transferred in an atmosphere of that gas to an especially 
designed induction furnace, and heated for one hour at 200®C. in the same 
gas at atmospheric pressure. The furnace was so designed that the rod 
could be loaded into it from the transferring unit, L, of the polishing 
apparatus, without coming into contact with air. The rod was freely 
suspended in the interior of the furnace without more than 2 mm. contact 
with any solid, i.e., the glass of the furnace interior. The current of gas 
entered from the rear to facilitate loading without introduction of foreign 
gases. After heating, the rods were removed by a special holder into a 
cooling compartment through which the given gas was flowing, and after 
rapid cooling to 25°C., transferred to the main apparatus, figure 2, which 
had previously been flushed out with the same gas. The measurements of 
contact angles wore made in an atmosphere of this gas at atmospheric 
pressure. With surfaces treated in this manner, the contact angle could be 
cheeked in the majority of cases to db4®. 

ALTERATION OF MAGNITUDE OF CONTACT ANGLES OF METALS 
HEAT-TREATED IN DIFFERENT GASES 

Some of the results obtained with metals heated in nitrogen and in 
hydrogen are given in table 2. For these metal* water- nitrogen and 
metal-water-hydrogen systems the angles formed showed no tendency to 
change over relatively long periods of time and were*, apparently, equi- 
librium angles. 

Table 3 gives the initial metal-oi^anic liquid-nitrogen and the metal- 
organic liquid-hydrogen advancing contact angles for metals heated in 
nitrogen and in hydrogen, respectively. These initial angles are contact 
angles obtained immediately after immersion of the cooled metal rod 
into the organic liquid. They are finite, reproducible, advancing contact 
angles, but they decrease to zero angles with time. Somew^hat analogous 
effects were obtained with rods which had been heated in oxygen. 

Heating the metal rods in hydrogen or nitrogen apparently caused 
such a profound change in the surface structure (and, hence, in the free 
surface energy) that chemical reaction took place between the metal and 
the halogenated organic liquids used in this investigation. Wlien such 
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TABLE 2 


Contact angles of water on several metals and alloys heaUtreaied in various gases at 

for one hour 


MKTAL 

MKTAUI REATBD IN NltftOQBN 

KETAia Seated in hydeoqen 

Metal-water-nitrogen angles 

Metal- water-hydrogen angles 

Bit 

Kit 

Aim 

0u 

Kn 

Ail 

Gold 

80“ 

0.174 

12 5 

56® 

0.559 

40 3 

Platinum 


0.530 

38.2 

42® 

0.743 

53.3 

Silver .... 

69® 

0.368 

25 8 

48® 

0.669 

48.2 

Copper 

90® 

0.000 


66® 

0.407 

29.3 

Steel (18-8) 

78® 

0.208 

15.0 


0 500 

36.0 

Aluminum 

74® 

0.276 

19.8 

70® 

0.342 

24 6 

Tungsten.. . 

40® 

0.766 

55.2 

68® 

0.375 

27.0 

Brass 

110® 

-0.342 

-24 6 

43® 

0.731 

52 7 


TABLE 3 


Initial contact angles of organic liquids on several metals and alloys heat-treated in 
various gases at SOO^C. for one hour 


metal 

HEATED IN NITBOOSN ATM08PMBKE 

IIBATHD IN HTDROOEN 
ATMOSPHERE 

Metal-aoetylene teira- 
bromide-nitrogen 

Metal ~a*bromonaphtha* 
lene-nitrogen 


Bln 

if in 

Am 

^in 

A'm 

Am 


131 

■a 

Gold 

30® 

0.866 

42.4 

8® 

0 990 

44 6 

0“ 



Platinum 

0® 



0® 



0® 



Silver 

12® 

0.978 

47.9 

0® 



0® 



Copper 

34® 

0.829 

40 6 

12® 

0 978 

43 0 

0® 



steel (18-8) 

26® 

0.899 

44.0 

0® 



0® 



Aluminum 

22® 

0.927 

45.4 

0® 



25® 

0 906 

44 5 

Tungsten 

0® 



0® 



20® 

0 940 

46.2 

Brass 

45® 

0.707 

34.6 

16® 

i 0.961 

42.3 

0® 




TABLE 4 

Comparison of contact angles of water on gold and on platinum heat-treated one hour at 
fiOO^C, in a vacuum and in several gases 


HEATED IN 

GOLD 

PLATINUM 

Bu 

Ku 

All 

«tl 

Xii 

Au 

Vacuum 

36® 

0.819 


32® 

0.848 

61.1 

Hydrogen 

56® 



42® 

0.743 

53.3 

Air 

57® 


39.21 

49® 

0.6561 

47.24 

Nitrogen 

SO® 


12.5 

58® 

0.559 

38.2 
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heat-treated rods were immersed in a-bromonaphthalene or in acetylene 
tetrabromide which had previously been saturated with water, metallic 
bromides were formed with those metals which exhibited finite initial con- 
tact angles. Metallic bromides were not formed with metals whose 
initial contact angle was zero. 

Though one is not justified in calculating adhesion tension for a system 
which is not in equilibrium, adhesion tension values calculated from the 
initial advancing metal-urganic liquid contact angles given in table 3 are 
some linear function of the adhesion tension of the corresponding metal - 
water-air contact angles (table 2). It is impossible, at present, to assign 
a precise meaning to such relations. 

In table 4 the effects of heating gold and platinum in a vacuum and in 
several gases are compared through comparison of the metal-water- gas 
contact angles and the corresponding adhesion tcuisions. Gold and plati- 
num are made progressively less hydrophilic by heat treatment in a 
vacuum, in hydrogen, in air, and in nitrogen, in the order given. P\)r 
those solids to which the Bartell-Bartell (1) equations apply, a decrease in 
hydrophilic properties indicates a corresponding increase in organophilic 
properties. That these heat-treated metals have' been made progressively 
organophilic is indicated by the fact that the least hydrophilic of them, 
the gold heated in nitrogen, act\ially reacted with a-bromonaphthalene 
and with acetylene tetrabromide. 

SUMMARY 

1. Rods of gold, jdatinum, copper, 18-8 stainless steel, silver, aluminum, 
tungsten, and brass were pretreated so as to have standard reference 
surfaces. 

2. Heat treatment of the metals in a vacuum caused them to become 
more hydrophilic with increasing temperature of heat treatment. 

3. The metals became progressively less hydrophilic when heat treated 
in a vacuum, in hydrogen, in air, and in nitrogen, in the order stated. 

4. All the metals except platinum and tungsten, when heat treated in 
nitrogen, readily reacted chemically with acetylene tetrabromide; gold, 
copper, and brass, similarly heat treated, reacted with a-bromonaph- 
thalene. Aluminum and tungsten, heat treated in hydrogen, reacted with 
acetylene tetrabromide. 

5. The wetting characteristics of the different metals differ greatly, 
and the wetting characteristics of surfaces of the same metal differ greatly, 
depending upon the precise pretreatment of the metal. 
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INTRODUCTION 

Some years ago, Timmermans and Viseur (19) made a thorough study 
of various binary mixtures of geometrical isomers and found that, in con- 
formity with Bruni’s rule, the irans-compounds show^ed a decidedly greater 
tendency than the cts-compounds to form mixed crystals with the corre- 
sponding saturated compounds. They therefore, along with Bmni, 
attributed to the saturated compounds a configuration similar to that of 
the trans-forms. 

Shortly thereafter, Skau and Saxton (17) investigated mixtures of the 
two /3-chlorocrotonic acids and found that the ideal solution law applied 
very closely. 

No wurk of precision has, however, been done on mixtures of cis-trans 
isomers of high molecular weight, such as erucic and brassidic acids and 
their esters. Mascarelli and Sanna (12), it is true, have found that erucic 
and brassidic acids form a simple eutectic system, but, owing to the lack 
of purity of their preparations, their results need to be confirmed before 
they can be used for testing the applicability of the ideal solution law\ 

There is another problem upon which an accurate study of such mixtures 
may throw light, as will appear from the following considerations: Smith 
(18) finds that ethyl palmitate and ethyl stearate form mixed crystals, as 
do also hexadecane and octadecane, while hexadecyl iodide and octadecyl 
iodide form a system containing a compound with a non-congruent melting 
point. According to Bhatt, Watson, and Patel (2), such compounds are 
formed also in the following systems: caproic-stearic, lauric-myristic, 
lauric-stearic, stearic-behenic, and palmitic-stearic acids and in the sys- 
tem methyl palmitate-methyl stearate; but the pairs lauric acid-ligno- 
ceric acid, methyl laurate-methyl myristate, and methyl stearate- 
methyl behenatc give simple eutectic diagrams. 

1 This article is part of a thesis submitted by A. M. Maiden to the Faculty of 
Science of the University of Liverpool in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 
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On the other hand, Mailer and Clearer (14) have proved by means of 
x-rays that the saturated fatty acids crystallize in double molecules, while 
Francis, Piper, and Malkin (4) have shown that compound formation 
occurs in equimolecular mixtures of such acids differing from each other 
by one, two, or three carbon atoms, the mixtures melting like a pure com- 
pound. Malkin (10) has established further that the methyl esters of the 
saturated fatty acids crystallize in double molecules, but are also char- 
acterized by a metastable form which ciystallizes in single molecules. 
The ethyl esters were found to crystallize always in single molecules. 

Thus it would appear that mixtures of substances of high molecular 
weight, which do not differ too much in carbon content and which crystal- 
lize in double molecules, yield phase-rule diagrams showing the presence 
of a compoimd with a non-congruent melting point. The exceptions to 
this rule, as exemplified by the systems methyl stearate-methyl behenate 
and methyl laurate-methyl myristate, may be apparent rather than real, 
for the results of Bhatt and coworkers (2) were obtained by cooling metli- 
ods, which are liable in many cases to give erroneous data, as will be indi- 
cated in the course of the discussion of the results reported in this paper. 

Since Mliller and Shearer have shown that both erucic and brassidic 
acid crystallize also in double molecules, it is of interest to see whether a 
careful examination of their mixture will, from the point of view of the 
phase rule, show the presence of a molecular compound. The difference 
in their configuration would indeed not be expected to interfere with the 
considerations given above, as compound formation between these mole- 
cules appears to be a matter of the terminal groups only of the carbon 
chain. 

An investigation of the systems of the type acid-ester might also prove 
interesting in view of the difference found by Malkin (10) in the states of 
aggregation of the acids and methyl esters as against that of the corresiwnd- 
ing ethyl esters. Two such systems W’ill be examined in the prestmt paper. 

APPARATUS 

Figure 1 shows a cross section of the apparatus, which recalls in many 
respects that of Andrews, Kohmann, and Johnstone (1) and that of Skau 
and Saxton (17), except that it was so designed that the specimens might 
be kept in vacuo during each experiment, in view of their unsaturation and 
consequent liability to rapid oxidation. 

The specimens (weighing 1.5 g.) were contained in small test tubes (inter- 
nal diameter 1 cm.) connected with an exhausting tube by means of a short 
length of stout rubber tubing; this was surrounded by a split brass sleeve, 
tightened by a “Jubilee” circular clip. The melt was stirred by means of a 
miniature gjass ring stirrer, attached by means of a stout platinum wire to 
a soft iron armature working inside a solenoid spool made of brass. 
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Temperatures were measured to within 0.1°C. by means of a two-junc- 
tion, copper-eureka thermoelement, calibrated at every 10° from 20°C. to 
90°C. against a standard thermometer. The e.m.f. was measured on a 
Cambridge thermoelectric potentiometer used in conjunction with a 400- 
ohm Cambridge ‘^Ayrton-Mather^* galvanometer. Fractions of 100 m volts 
were obtained by the deflection method, whilst during all readings the 
potentiometer was frequently balanced against a standard cell. This 
electrical measuring system, which allowed readings to be taken to within 
5 M volts (corresponding to 0.05°C.), was entirely and adequately shielded 
against leaks from high potential circuits by supporting it throughout on 
metal, all the metal supi)orts being electrically connected. 

TO 



Fig. 1, The apparatus 

For the determination of cooling curves the specimen was surrounded by 
a double-walled metal jacket, through which water at any convenient 
temperature was circulated from a thermostat. 

For the determination of the melting point, the metal jacket was replaced 
by a double-walled glass jacket (see figure 1). In this manner the speci- 
men was observed through only a thin layer of water and yet, as the ther- 
mostat contained 30 liters of water, very fine control over the rate of heat- 
ing could be obtained. 


TECHNIQUE 

Mixtures of definite composition were made up by direct w eighing into 
the specimen tubes, the total weight of the mixture being always 1.5 g. 
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The contents of the tidies were then just mdted and well mixed, the tube 
{daced on the t^pMatus, and the specimen allowed to set t» wicuo. The 
mixtuie was now imnelted and once more allowed to set m tncuo, so as to 
andd oconpletely the dissolution of gases as impurities.* 

The type of syst^ being dealt with was detennined by taking coiding 
curves the various mixtures prepared, the of the Ihermodement 
being noted at regular time intervf^. It was foimd that the convergence 
temperature for this apparatus was considerably below the temperature of 
the jacket, so that the method of correction of Andrews, Kohmann, and 
Johnstone (1) for the supercooling was inapplicable. As the mixtures 
showed in many cases considerable supercooling, this method could not in 
any case have been used with any satisfaction ; the freezing points of the 
sterns were therefore determined by observing the temperature at which 
the last crystal in the melt disappeared (cf. Johnstone and Jones (7), 
Smith (18), and Skau (16)). This temperature could be easily determined 
by means of the glass heating apparatus described. The specimen was 
heated rapidly until only a small portion remained solid, the glass jacket 
was then raised so as to surround the melt, and water at a temperature 
slightly below the expected melting point was circulated from the thermo- 
stat. The temperature of this water was now slowly raised, and when the 
details of the thermoelement wires could be seen clearly, the e.m.f. of the 
element was noted as the melting point. It was found that the last crys- 
tals disintegrating under the action of the stirrer gave a cloudy suspen- 
fflon. Very efficient imitation of the melt during such a determination is 
obviously necessary. 

The results thus obtained are considered to be within 0.1®C. of the true 
freezing point. Bepeat determinations always agreed to 0.05'’C. 

Eutectic temperatures were fixed by taking heating curves of mixtures 
which possessed very nearly the eutectic composition (as seen from the 
melting point-composition diagram). The procedure followed was similar 
to that for cooling curves, water slightly above the expected eutectic 
temperature being circulated through the brass jacket. 

CONTKOL OF PURITY FOR THE SUBSTANCES USED 

The preparation and purification of the substances required for this 
research have already been described elsewhere (9). 

The melting points and setting points of these substances were found 

* Such gases cause the molten specimen to froth if it is allowed to set under reduced 
pressure after exposure to the atmosphere. The fact that such substances, when in 
the molten state, are capable of dissolving appreciable quantities of gas from the 
atmosjdiere does not seem to have received very much notice in the past, although it 
nmxt an important rdle in the rate of oxidation of the substance (see, however, 
rrferaace 6). 
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to be within except in the case of ethyl brassidate, where the dif- 

ference was 0.2®C., probably as a result of the complication due to 
extensive .creeping. This coincidence of melting points and setting points 
is probably the most sensitive criterion of purity for long-chain com- 
pounds, particularly for the saturated ones, w^here there is no other 
available.® 

In the case of unsaturated substances, the control of the purification 
should always be supplemented by the precise determination of the iodine 
values (8). 

The results of such control of purity for the substances examined are 
showm in table 1. 


RESULTS 

System erucic acid-hrassidic acid {see table 2 and figure 2) 

Kriieic and brassidic acids wttc found to have only one form in the region 
investigated. Mixtures containing up to 81 per cent erucic acid gave the 

TABLE 1 

Purity of the substances examined 


RUBSTANCK 

IODINE A ALU E 

SETTtNQ 

POINT 

MBLTINQ 

POINT 

Observed j 

Theoret ical 




*C 

•c. 

Brassidic acid 

74 7 

75 0 

59 8 

59 . 75 

Erucic acid 

74 0 

75 0 

33 25 

33.35 

Methyl brassidate 

71 2 

72 1 

30 0 

30 1 

Ethyl brassidate 

68 7 

69 3 

24 8 

25 0 


normal cooling curve of a simple eutectic system, w hile for mixtures richer 
in erucic acid, the cooling curves w^ere of a different type. Coincident w ith 

* The determination of the setting point alone does not always provide a suf- 
ficiently unambiguous guarantee of purity. For instance, after purifying a 
specimen of brassidic acid by removal of several per cent of impurities, the setting 
point increased only by 0.1 ®C., but the iodine number went up from 74.2 to 74.7. In 
another case further purification was accompanied by a rise of iodine number from 
73.6 to 74.2 for the same small increase in setting point of 0.1®r. Ho>vever, the melt- 
ing point appears to be, at least in some cases, more sensitive than the setting 
point to the presence of impurities; e.g., while two specimens of methyl brassi- 
date had the same iodine number and the same setting point, one of them melted 
as high as 32.35®C., against 30.1 ®C. for the other specimen. 

The melting point may thus be used with advantage as a further control of purifi- 
cation, either with or without the simultaneous determination of the setting 
point. This will especially be the case when the compound examined is very nearly 
pure, and when the eutectic in the system compound-impurity lies very near 100 
per cent pure compound. 
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this change, the phenomenon of a double melting point appeared. For 
example, by allowing a mixture containing 83.5 per cent of erucio acid to 
cool for some time after freezing had set in, one observed a melting point 
of 39.1®C., whilst if the melting point was taken immediately after freez- 
ing occurred, 30.7°C. was obtained. (Both results were repeatable.) 

An increase of the erucic acid content to 87.0 per cent caused the cooling 
curve to become double-humped if determined with the specimen unseeded; 
for a specimen which was not completely melted, a cooling curve similar to 
that corresponding to 83.5 per cent of erucic acid was obtained. 


p 
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1 
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■ 

1 

H 

■ 
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20*1 1 I I 1 I 

0 20 40 60 80 lOOZ 

MOLE PER CENT OF SOLUTE (pRASSIDIC /tflO AS SOLVENT) 


Fig. 2. Cooling curves. X, the system brassidic acid-erucic acid (O for the re- 
sults of Mascarelli and Sanna); □, the system brassidic acid-methyl brassidate; A, 
the system brassidic acid-ethyl brassidate. 


In this case, the specimen had a melting point of 31.2“C. if cooled until a 
few crystals appeared and then remelted ; but if cooled until completely solid 
and then remelted, it was necessary to heat to 36.2‘’C. before the last crys- 
tal disappeared. Thus the change which occurred spontaneously with the 
83.5 per cent mixture required nuclei to be present for it to occur with the 
87.0 per cent specimen. As the higher melting point undoubtedly lies on 
the brassidic acid solubility curve, it would seem that the second hump 
corresponds to the crystallization of brassidic acid and the first to the 
crystallization of erucic acid. 

Supercooling increases as the percentage of erucic acid in the mixture 
increases, and with 83.5 per cent of erucic acid the crystallization of the 
latter evidently occurs liefore that of the brassidic add. In this case. 
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therefore, the metastable erucic acid solubility curve can be followed up 
over a large range. 

It is this particular phenomenon which renders it imperative to deter- 
mine the melting points of these mixtures rather than their freezing points 
by the normal method, if the correct phase-rule diagram is to be con- 
structed. It also caused Mascarelli and Sanna (12) to think that the 
eutectic mixture was about 80 per cent erucic acid, these workers not cool- 
ing to completion any mixture showing this phenomenon. 

The eutectic temperature determined from the heating curves of the 
specimens containing 92 per cent and 89.6 per cent of erucic acid was 31 .8- 
31.9°C., whilst the composition of the eutectic mixture determined from 
the melting point composition diagram was 90.5 per cent erucic acid. 

TABLE 2 


The system brassidic acid~erucic acid 


COMPOSITION 

IN MOLB 

PBR CENT OP 
BRUCIC ACID 

logio N 

SOLID PHASE 

MELTING POINT 

lOVT 

“C 

*K. 

0 

0 

Brassidic acid 

59 80 

332 8 

3005 

13.8 

-0 064 

Brassidic acid 

57 8.5 

330 8 

3023 

31 5 

-0 164 

Brassidic acid 

55 10 

328 1 

3048 

42.8 1 

-0 243 

Brassidic acid 

1 52 80 

325 8 

3069 

57.0 

-0 366 

Brassidic acid 

i 49 65 

322 7 

3099 

67 8 

-0 492 

Brassidic acid 

1 46 45 

319 5 

3130 

77.5 

-0 648 

Brassidic acid 

42 75 

315 8 

3167 

81 0 

-0 721 

Brassidic acid 

40 70 

313 7 

3187 

83 5 

-0 782 

Brassidic acid 

39 10 

! 312 1 

3204 

83 5 

-0.078 

Erucic acid 

30 70 

303 7 

3294 

87 0 

-0 886 

Brassidic acid 

36 15 

309 2 

3234 

87 0 

-0 060 

Erucic acid 

i 31 15 

304 2 

3287 

89.6 

-0.983 

Brassidic acid 

34 20 

307.2 

3255 

89.6 

-0 048 

Erucic acid 

' 31.60 

304.6 

3283 

91 2 

-0.040 

P>ucic acid 

31 95 

305.0 

3279 

92.0 

-0.036 

Erucic acid 

32 10 

305.1 

3278 

95.1 

-0 022 

Erucic acid 

32 60 

305 7 

3272 

100 

0 

Erucic acid 

33 25 

306.3 

3265 


Mixtures containing more than 90.6 per cent of erucic acid have a melt- 
ing point independent of the history of the specimen, as here it is normal 
for the erucic acid to crystallize out first. 

The cooling curves of these mixtures show primary crystallization of 
erucic acid, but no eutectic halt, the crystallization of brassidic acid being 
unduly delayed. The heating curves, however, are those normally shown 
by mixtures with compositions near that of the eutectic. 

The melting point-composition diagram, as determined for the present 
work, contrasts with that obtained by Mascarelli and Sanna (12) as shown 
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in figure 2 (dotted curve). The displacement (towards the left) of the 
right-hand side of their diagram, caused by supercooling, is very evident. 

The system ethyl brassidate-brassidic acid (see table S and figure £) 

The cooling curves of mixtures of brassidic acid with 22.0, 60.4, 59.1, 
77.9, and 88.4 per cent of ethyl brassidate are those of a simple eutectic 
system. Those of mixtures containing 96.3 per cent and 98.4 per cent of 
ethyl brassidate are similar to that of the mixture of the previous system 
containing 83.5 per cent of erucic acid, but have no slight halt correspond- 
ing to a low melting point. 

This type of curve is due to great supercooling, which causes the mixtures 
to behave as though they were richer in solute than they actually are, 
mixtures weaker than the eutectic mixture behaving like a eutectic mixture 
and setting at one temperature. 


TABLE 3 


The system hreusidic acid-ethyl brassidate 


COMPOSITION 

IN MOLD 

logu N 

BOUD PHABi: 

MSLTINO POINT 

mr 

PBB CBNT OF 
BSTBR 

•c. 

•K 

0 

0 

Brassidic acid 


332 8 


22.0 

-0.108 

Brassidic acid 


330.0 

3030 

40.4 

-0.225 

Brassidic acid 

54.15 

327.2 


59.1 


Brassidic acid 


323.7 


77,9 

-0.657 

Brassidic acid 



3135 

88.4 

-0.934 

Brassidic acid 


314.8 

3177 

06.3 

-1.434 

Brassidic acid 

32.50 


3274 

97.4 

-1.589 

Brassidic acid 

29.45 



98.4 

100 

-i .803 

Brassidic acid 
Ethyl brassidate 


297.9 

3357 


All these mixtures have a single melting point. 

The melting point-composition diagram for the mixture of ethyl brassi- 
date and brassidic acid is notable for its asymmetry, this being sufficient to 
render the exact determination of the eutectic a difficult matter. The 
mixture containing 98.4 per cent of ethyl brassidate was assumed to have 
the eutectic composition. 

Ethyl brassidate creeps to a remarkable extent when setting, and only 
starts to freeze after considerable supercooling. The cooling curve of the 
pure material always rises very slightly instead of r emainin g level during 
setting. For this reason the melting point instead of the setting point was 
used in the construction of the melting point-composition diagram. 

No evidence of a second crystalline form of the ester was found. 

Near the eutectic point, the brassidic acid solubility curve is so steep 
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that the separation in a solid state of a very small amount of brassidic acid 
greatly influences the melting point of the mixture, it thus being very 
diflScult to determine the exact melting points in this region. It is also 
clear that a cooling curve investigation in this region must be absolutely 
useless. 

The system methyl brassidate-hrassidic add {see table 4 figure 2) 

The cooling curves of mixtures of brassidic acid with 30.9, 49.3, 68.9, 
and 89.4 per cent of methyl brassidate are those of a simple eutectic sys- 
tem; those of mixtures containing 96.2 and 97.5 per cent of methyl brassi- 
date are similar to those of mixtures containing 96.3 and 98.4 per cent of 
ethyl brassidate. 

Again the exact position of the eutectic point is difficult to ascertain. 
The m(4ting point- composition diagram indicates that it is between 97.5 

TABLE 4 


The system brassidic acid-jnethyl brassidate 


COMPOSITION 

IN MOLE 

PER CENT OF 
ESTER 

logio N 

\ 

' " 

SOLID PHASE 

MELTING POINT 

io«/r 

•c. 

•K. 

0 j 

0 

Hrassidic acid 

59 80 

332.8 

3005 

30.9 ! 

-0 161 

Brassidic acid 

55 65 

328 7 

3042 

49 3 

-0.295 

Brassidic acid 

52.65 

325 7 

3070 

68.9 

-0.508 

Brassidic acid 

48 50 

321.5 

3110 

89 4 

-0.975 

Brassidic acid 

40 40 

313.4 

3191 

96.2 

-1.420 

Brassidic acid 

32.60 

305 6 

3273 

97 5 

-1 606 

Brassidic acid 

30.10 

303 1 

3299 

98.4 


Ester 

30.05 



100 


Ester 

30.10 




and 98.4 per cent methyl brassidate, a heating curve of the 89.4 per cent 
mixture gives 29.85®C. as the temperature, while the two solubility curves 
cut at 29.8°C. and 97.7 per cent. 

Pure methyl brassidate supercools considerably before setting, but it 
does not creep. Its cooling curve remains lev(4 during setting, and does 
not rise as in the case of ethyl brassidate. 

No second form of methyl brassidate was found. 

DISCUSSION 

(A) The brassidic acid solubility curves in the systems methyl brassi- 
date-brassidic acid and ethyl brassidate -brassidic acid are so remarkably 
similar that the tw^o melting point-composition diagrams can be super- 
imposed for the whole of the range (from 0 to 97 per cent) of concentra- 
tions (figure 2). One is thus led to the conclusion that methyl and ethyl 
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brassidates have, when dissolved in brassidic acid, the same state of aggre- 
gation (cf. Malkin (10)). 

This solubility curve of brassidic acid with respect to either ester lies 
only very slightly above that for the 83 retem brassidic acid-erucic acid, 
which tends to indicate that erucic acid, when in solution in brassidic acid, 
is in a state of aggregation identical with or at least very similar to that of 
the alkyl brassidates. 

In none of the diagrams investigated is there any trace of compound 
formation. This, from the evidence given in the introduction, supports 
the assumption that all these substances enst in solution in the simplest 
possible molecules. 



Fig. 3. Solubility curves. Curve a, brassidic acid in erucic acid; curve b, erucic 
acid in brassidic acid; curve c: O, ethyl brassidate in brassidic acid; A, methyl 
brassidate in brassidic acid. 

(B) It has been stated by various authors (sec, e.g., Johnstone (7)) 
that, provided the constituents of binary mixtures of certain types of 
isomers are not too much alike, the plot of log N (where N is the mole 
fraction of the solute) against 1/T (where T is the absolute freezing point 
of the mixture) is a straight line. If, however, the constituents are very 
similar, mixed crystals are formed. 

In order to form an opinion as to whether the pairs of substances investi- 
gated here form, or do not form, ideal solutions, the results have been 
plotted in the form logioiV against 10*/?’ (figure 3). 

For the system brassidic acid-erucic acid points from the erucic acid 
solubility curve lie on a straight line (figure 3, curve a), while the points 
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from the brassidic acid solubility curve (figure 3, curve b) lie on a straight 
line up to 83.5 per cent erucic acid, after which the solubility of brassidic 
acid increases more rapidly than the ideal solution law would indicate. 

The fact, however, that a straight line is obtained for such a large propor- 
tion of the diagram when the results are computed in the manner described 
indicates that erucic and brassidic acids have the same molecular com- 
plexity in solution in each other and behave to a large extent as ideal 
solutes; in particular it is evident that there is no change in their state of 
aggregation with change in concentration. 

Only the points for the brassidic acid solubility curve can be obtained 
from the ester diagrams. These, when plotted, lie on one S-shaped curve 
(figure 3, curve c). According to Mortimer (13) this type of curve is 
obtained in systems in which one component is polar and the other is non- 
polar, and where there is a great difference in the internal pressures. Un- 
fortunately there are no data from which the internal pressures of these 
esters may be calculated. When the internal pressures of the acids them- 
selves are calculated from the data of Semeria and Ribotti-Limone (15), 
values in the neighborhood of 400 atmospheres at 90°C. are found for both 
acids. 

These authors determined the parachors of these two acids, and obtained 
values dej)endent upon temperature, a fact which would tend to show the 
presence of some association in these pure liquids. The results here re- 
ported show' that no such association occurs. 

Waentig and Pescheck (20) have inferred from freezing-point measure- 
ments that lauric and ])almitic acids exist, to some extent, as double mole- 
cules when dissolved in carbon tetrachloride. 

Our results for the (\ster systems show* the danger of basing conclusions 
upon freezing-j)oint depressions alone (.'^ee, for example, Bruni and Gorni 
(3)). The freezing-point depressions for the esters dissolved in brassidic 
acid are smaller than the ideal solution law' would indicate. This might 
have been interpreted as evidence of solid solution formation; the deter- 
mination of the cooling curves of the system showed, however, that this 
did not occur. 

Thus while the true freezing point cannot be obtained with these systems 
from cooling-curve determinations, such measurements must be carried 
out for fixing the type of system being investigated. 

The heat of fusion of brassidic acid, calculated from the slope of the 
logio A'brH.sjdic versus lOV^ curve for the system brassidic acid-erucic acid 
is 18.0 kg-cal, per mole, while that of erucic acid, calculated similarly from 
the logic A'erucic vorsus 10®/^ curve, is 12.3 kg-cal. per mole. Mascarelli (11), 
by similar means (using the nonnal freezing-point method and formula), 
found 17.8 and 12.1 kg-cal. per mole, respectively. As these methods do 
not permit of any great accuracy, the divergence between these results is 
within the experimental error. 
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These values, when compared with that determined calorimetrically by 
Gamer and King (6) for behenic acid, namely 18.6 kg-cal. per mole, add 
further support to Bruni’s contention that the structures of brassidic and 
behenic acids must be very similar. 

On the other hand, Mtiller and Shearer have shown (14) that the long 
spacings of erucic and behenic acids are practically the same, while that of 
brassidic acid is much greater. From this it might have been expected 
that the heats of crystallization of erucic and behenic acids would have 
been closer to each other than those of the latter and of brassidic acid, 
instead of what has been found from the phase-rule diagrams. This re- 
mark shows that there must be, as has often been emphasized for other 
compounds, a very close relation between the heat of crystallization and 
the melting point, and that the length of the crystal cell plays only a sec- 
ondary r61e in determining the magnitude of the heat of crystallization. 

SUMMARY 

1. An apparatus for the accurate determination of phase-rule diagrams 
for mixtures of long-chain compounds has been described. It has been 
found that melting points rather than cooling curves must be determined 
with these systems. 

2. The systems brassidic acid--erucic acid, brassidic acid-methyl brassi- 
date, and brassidic acid-ethyl brassidate have been investigated. All an^ 
simple eutectic systems. The brassidic acid solubility curves in the ester 
systems are superimposable. 

3. The ideal solution law holds in the case of brassidic acid and erucic 
acid, but not for the ester systems; these latter give an S-shaped curve for 
the logio AT versus l/T plot, the solubility of brassidic acid in this system 
being always less than the ideal solubility. 

4. Evidence has been obtained that all these compounds exist in the 
simplest possible molecules in the liquid state. 

5. No evidence for the existence of a second crystalline form of any of 
these compounds could be obtained. 

6. The solubility of gases from the atmosphere in these compounds 
has been emphasized. 

In conclusion the authors wish to thank Prof. E. C. C. Baly, F.R.S., 
for facilities granted, and the Imperial Chemical Industries, Ltd., whose 
United Alkali Scholarship was held by one of them (A. M. M.). 
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In a previous communication (5) it has been shown that orthophosphoric 
acid forms addition compounds with several types of organic compounds; 
furthermore, KendalFs (2) rule of acidity held in all systems examined. 
It was the purpose of the present investigation to make a comparison of 
phosphorous and phosphoric acids with regard to their ability to form 
addition compounds with organic substances and to test further the 
validity of KendalPs rule of acidity. 

In the study of these addition compounds, two methods have been em- 
ployed. The most direct method is the determination of freezing-point 
curves in two-component systems. This method has certain advantages 
in that the compound is isolated, and furthermore the composition may be 
determined from the phase diagram. The second method of study is 
described by Knox and Richards (6). This method is based on the fact 
that strong acids added to solutions of weak acids decrease the solubility 
of the latter because of common-ion effect. In certain cases, however, 
decrease in solubility takes place to a certain point only, after which an 
increase in solubility occurs. This increase in solubility is attributed to 
compound formation. 


EXPERIMENTAL 

Phosphorous acid was obtained from Eimer and Amend and purified by 
recrystallization. The recrystallized acid melted at 74.4®C. (corrected), 
which is higher than previously reported. Most of the organic compounds 
used in this investigation were prepared by the Eastman Kodak Co., and 
in only a few cases was any special purification necessary. 

The method of experimentation in determining freezing points has pre- 
viously been given (5). 

1 The material of this paper was presented by Herbert L. Redfield in partial ful- 
fillment of the requirements for the degree of Master of Science in Chemistry at The 
State College of Washington. 
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The solubilities of several organic acids and phenol were determined in 
solutions of progressively greater concentrations of phosphorous acid. 
About 20 cc. of the solution of phosphorous acid was placed in a large test 
tube, together with an excess of the solute. The tube and contents were 
heated to 50® to 60®C. for a short time to near saturation. The tube was 
then placed in a thermostat at 25®C., and the contents stirred several 
times daily for a period of ten days to two weeks. This was found to be a 
sufficient length of time for attainment of equilibrium. Portions of the 
samples were then pipetted off and analyzed. 

METHODS OF ANALYSIS 

Although several methods of analysis have been employed by other in- 
vestigators, the method by which the solvent acid is determined gravi- 
metrically and the solute acid by difference from total acidity, proved 
satisfactory. It was found that phosphorous acid could be oxidized quanti- 
tatively with concentrated nitric acid to which a small amount of hydro- 
chloric acid was added, after which the phosphorus was determined as 
magnesium pyrophosphate. Total acidity was determined by titration 
with standard sodium hydroxide, using phenolphthalein as indicator. 
The end point is reasonably sharp. 

For analysis of the phenol-phosphorous acid mixture, the phenol was 
precipitated as tribromophenol and weighed as such. The procedure was 
as follows: A suitable aliquot containing from 0.08 to 0.2 g. of phenol was 
diluted to 25 cc. and bromine water added slowly with rapid stirring. 
The phosphorous acid was oxidized slowly with the excess bromine. Any 
tribromophenol bromide formed is changed to tribromophenol by the 
phosphorous acid. The former bromine compound is yellow, while the 
latter is white. The precipitate was transferred to a Gooch crucible, 
washed, and dried over phosphorus pentoxide to constant weight. This 
method gave results which were uniformly 2.6 per cent low; however, by 
carefully standardizing the procedure and applying the above correction, 
very satisfactory results were obtained. The phosphorous acid was 
determined gravimetrically. 

The oxalic acid was determined directly by titration with potassium 
permanganate after calcium oxalate had been precipitated in a buffered 
acetic acid solution. 


EXPERIMENTAL RESULTS 

The results of the freezing-point determinations are given in table 1 and 
of the solubility determinations in table 2. 

The compounds used were considered representative for studies of 
binary systems to test further the rule of acidity. Curves are shown in 
figure 1. No evidence of compound formation was found in any of the 
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TABLE 2 

Solubility data: normalities of solvent and solute when varying concentrations of solvent 

are saturated with the solute 
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Fig. 1. Freezing points of binary systems of phosphorous acid and certain organic 
compounds. Curve I, phenol and phosphorous acid; subtract 90 from temperature 
scale. Curve 11, piperonal and phosphorous acid; subtract 100 from temperature 
scale. Curve III, trichloroacetic acid and phosphorous acid; subtract 60 from 
temperature scale. Curve IV, coumarin and phosphorous acid; subtract 55 from 
temperature scale. Curve V, pyruvic acid and phosphorous acid; subtract 30 from 
temperature scale. Curve VI, acetophenone and phosphorous acid; subtract 25 
from temperature scale. Curve VII, acetic acid and phosphorous acid. 

above systems. Although some difficulty was encountered in determining 
freezing points in some of the systems, particularly in the region of the 
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eutectic, still they are sufficiently accurate to leave little doubt as to the 
non-existence of a compound. 



Fig. 2. Solubility curves of binary systems. Curve I, oxalic acid in phosphorous 
acid. Curve II, oxalic acid in phosphoric acid. Curve 111, succinic acid in phos- 
phorous acid. Curve IV, succinic acid in phosphoric acid. Curve V, phenol in 
phosphorous acid. Curve VI, phenol in phosphoric acid. Curves II, IV, and VI 
are taken from data of Kepfer and Walton (4). 



Fig. 3. Solubility curves of binary systems. Curve I, citric acid in phosphorous 
acid. Curve II, citric acid in phosphoric acid (taken from data of Kepfer and Wal- 
ton (4)). 

Curves for the various systems are shown in figures 2 and 3. For the 
purpose of comparison, the curves for phosphoric acid taken from data of 
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Kepfer and Walton (4) are shown. In all cases there appears to be definite 
evidence of the formation of addition compounds. 


DISCUSSION 

From the results of this investigation it appears that phosphorous acid 
forms addition compounds only in solution. Also Kendall's rule of 
acidity is borne out well in the solubility study, but in this case is not 
successful in predicting compound formation in freezing-point studies of 
phosphorous acid with a second component. 

On the basis of Kendall's rule, phosphorous acid would be expected to 
form addition compounds, as it is of the same approximate strength as 
phosphoric acid, which yielded several compounds in a similar study of 
freezing-point curves. As a matter of fact, since phosphorous acid is 
slightly stronger, the tendency for compound formation should be slightly 
greater with certain organic compounds. However, Kendall's rule at best 
is a qualitative one and the results obtained here indicate that factors other 
than acidic strength, such as structure and nature of compounds involved, 
must play a not inconsiderate r61e in compound formation. Too, it is 
questionable that acid dissociation constants which have been determined 
in water solution should be carried over to a solvent other than water. 
However, Kendall's rule is well borne out in the solubility study, in which 
curves very similar to the ones formed in a similar solubility study with 
phosphoric acid are found. For purposes of comparison the curves ob- 
tained in the study with phosphoric acid are included in figures 2 and 3. 
The primary dissociation constants of the acids concerned in this study 
follow: 


Acid 

Oxalic acid (8) 

Citric acid (10) 

Succinic acid (9) 

Phenol (3) 

Phosphorous acid (7) 
Phosphoric acid (1) .. 


K 

. 3.8 X lO-* 

. 8.0 X 10~« 

6 7 X 10-« 

. 1 08 X 10~‘® 

. 1 6 to 6.2 X 10-* 
. 1 1 X 10-* 


Compounds were indicated in every case. Assuming sharpness of break 
as indicative of relative tendency toward compound formation, phenol and 
succinic acid show the greatest tendency to form addition compounds with 
phosphorous acid, while citric and oxalic acids show a lesser tendency. 
This is to be expected in view of Kendall's rule, since the difference in 
acidic strengths between phosphorous acid and oxalic and citric acids is less 
than the difference between phosphorous acid and succinic acid and phenol. 

When a comparison of phosphorous and phosphoric acids is made, 
generally speaking, phosphorous acid shows a slightly greater tendency to 
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form addition compounds than phosphoric acid. Again this is in agree- 
ment with Kendairs rule. 

It is to be noted that although phenol exhibits an unusually strong 
tendency toward compound formation in solution, no evidence whatever is 
obtained in a freezing-point study. This directly bears out the statement 
that phosphorous acid appears to form these addition compounds only in 
solution. 


SUMMARY 

1. The freezing-point diagrams of several binary systems in which 
phosphorous acid acts as one component have been determined. No com- 
pound formation was indicated. 

2. The solubilities of phenol, oxalic acid, succinic acid, and citric acid 
have been determined in solutions of phosphorous acid of varying concen- 
tration. 

3. KendalFs rule of acidity holds well in solution, but in the case of 
phosphorous acid fails in freezing-point equilibria. 

4. A comparison of solubility curves of phosphorous and phosphoric 
acids has been made. 

5. The melting point of phosphorous acid was recorded as 74.4®C. 
(corrected). 
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INTRODUCTION 

Studios on the influence of mannitol and dulcitol and certain of their 
anliydrides on the dissociation of boric acid were reported in a previous 
communication (7). In general, the increast'd dissociation of boric acid 
produced by sugar alcohols was exhibited to a lesser degree or not at all by 
their anhydrides. Another series of these substances has been made avail- 
able for study, and further investigations as to the effect of these com- 
pounds on the dissociation of boric acid have been instituted. 

MATERIALS 

The inositol, erythritol, pent aery thritol, and adonitol employed were 
Pfanstiehl’s c.p. products and met the specifications of their catalogue. 
Ethyh'ne glycol, (‘thylene oxide, propylene glycol, propylene oxide, and 
trimethylene glycol were supi)lied by the Eastman Kodak Co. The 
dihydroxyacetone employed was Oxantin, i)repared formerly by Merck 
and Co. The epihydrin alcohol was prepared from epibromhydrin (1). 
The Z-epihydrin alcohol, distilling at 70°C. at 10 mm. pressure, was em- 
ployed. The polygalitol was extracted from poly gala amara (9). The 
compound melted at 138°C. (uncorrected). The erythritan was prepared 
from erythritol by dehydration with sulfuric acid (2, 6). Analysis gave the 
following composition; carbon, 45.21 per cent; hydrogen, 7.56 per cent. 
The calculated values are: carbon, 46.15 per cent; hydrogen, 7.69 per cent. 

The following formulas indicate the structural relationship existing 
among these compounds. 
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METHODS 

The solutions of the various compounds studied contained 4 g. of com- 
pound in 100 cc. of 0.1 molar boric acid. To 10-cc. portions was added 
0.1 normal sodium hydroxide in quantities varying from 1 cc. to 12 cc. 
Immediately after the addition of the alkali the pH of the solution was 
determined electrometrically at 25°±0.5“C., using the Wilson-tjrpe 
electrode (11). The results are set forth in figure 1. 
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DISCUSSION 

An examination of the graph shows that the substances studied divide 
themselves readily into three classes. Class 1 contains those compounds 
which do not affect the dissociation of boric acid. In this class, ethylene 
glycol, ethylene oxide, both propylene glycols, Z-epihydrin alcohol, and 
propylene oxide occur. As glycerol affects the dissociation of boric acid, a 



Fig. 1. The effect of sugar alcohols on the dissociation of boric acid. Curve A, 
Af/10 boric acid; curve B, M/10 boric acid + 4 per cent glycerol; curve C, M/10 
boric acid 4 per cent ery thritol ; curve i), M/10 boric acid -f 4 per cent adonitol ; 
curve E, M/10 boric acid 4* 4 per cent dihydroxyacetone ; curve F, M/10 boric acid 
4“ 4 per cent mannitol ; curve G, M/10 boric acid 4- 4 per cent erythritan. 

Class 1 substances corresponding to curve A: ethylene glycol, ethylene oxide, 
propylene glycol, trimethylene glycol, propylene oxide, i-epihydrin alcohol, poly- 
galitol, and i-inositol. Class 2 substances corresponding approximately to curves 
C, D, and E; ery thritol, pentaery thritol, adonitol, glyceric aldehyde, and dihydroxy- 
acetone. Class 3: erythritan. 

summary of the results on these compounds would indicate that at least 
three hydroxyl groups on adjacent carbon atoms are necessary for a poten- 
tiation of the dissociation of boric acid, as neither propylene glycol nor 
trimethylene glycol influences it. Polygalitol, the 1,5 anhydride of 
mannitol, likewise does not affect the dissociation, yet mannitan, which 
is the 1,4 anhydride of mannitol, produced an intermediate effect be- 
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tween mannitol and polygalitol. Thus, by extending the oxide ring to 
include the hydroxyl group on the fourth carbon atom, the effect on boric 
acid is lost. Inositol, which is essentially cyclic mannitol — ^namely, with 
two hydroxyl groups in the ring — ^likewise falls into class 1. 

The second class includes those substances which affect boric acid with 
approximately the same dissociation potentiation as does mannitol. This 
class includes er 3 d:hritol, pentaer 3 rthritol, adonitol, glyceric aldehyde, and 
dihydroxyacetone. The first three compounds require no special comment. 
By virtue of their respective structures they fall into the general classifica- 
tion of substances studied by Boeseken (4) and recommended for study by 
van Liempt (10), i.e., those compounds having hydroxyl groups on the 
same side of adjacent carbon atoms. Dihydroxyacetone definitely differs 
from this class of substances, yet it strikingly potentiates the dissociation of 
boric acid with an effect equal to that of its isomer, glyceric aldehyde. Of 
special interest is the fact that the aldose and the ketose possess greater 
potentiation power than does the sugar alcohol, glycerol. Owing to the 
fact that crystalline dihydroxyacetone occurs in a dimeric form, the sub- 
stance was subsequently resolved to its monomeric form by melting (3) 
and a second titration curve was prepared with the solution of the melted 
compound. The dimeric and monomeric curves were practically identical. 
The greater potentiation of the dissociation of boric acid exliibitcd by the 
aldose and ketose than that produced by glycerol seems to indicate that an 
aldehyde or a ketone group present in the molecule augments the potentia- 
tion by the hydroxyl groups, Mellon and Norris (8) have shown that the 
ketohexose fructose is more effective in potentiating the dissociation of boric 
acid than the isomeric aldohexose, glucose. In the trioses, dihydroxyace- 
tone and glyceric aldehyde, the aldehyde and the ketone groups have equal 
value. 

The third class contains only erythritan. Erythritan, 1,4-anhydro- 
erythritol, with but two hydroxyl groups in the molecule and these en- 
closed in an oxide ring, is unique among the substances studied in this 
investigation. In addition it seems to be foremost among the compounds 
potentiating the dissociation of boric acid recorded in the literature. In a 
4 per cent solution, its downward displacement of the titration curve of 
boric acid is greater than that of its mother substance, erythritol, with two 
more hydroxyl groups in the molecule, and also greater than that of the 
isomeric hexahydroxy sugar alcohols, mannitol, dulcitol, and sorbitol. In 
our previous studies (7) with the anhydrides of mannitol and dulcitol and 
in this work with 1 ,5-anhydromannitol, the removal of a molecule of water 
from the sugar alcohol with the formation of the oxide ring diminished 
greatly or obliterated its action on the dissociation constant of boric acid. 
In this regard erythritan is a striking exception. The results of Boeseken 
and his students indicate that in the sugar alcohols the increase in poten- 
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tiation of the dissociation of boric acid varies with the number of hydroxyl 
groups in the molecule. Erythritan reverses this concept. This observa- 
tion was considered so unusual that the compound was prepared by another 
method, namely, by the dehydration of erythritol by heating in a sealed 
tube (2). The compound after three distillations exhibited a pH of 6.6 in 
1 per cent aqueous solution and affected the dissociation of boric acid to the 
same degree as did the substance prepared from erythritol by the action of 
concentrated sulfuric acid. The structure of the anhydride was estab- 
lished by Grimaux and Cloez (5) by demonstrating its relationship to 
furfural! . 


CONCLUSIONS 

1. The effect of a number of sugar alcohols, related compounds, and 
anhydrides of sugar alcohols upon the dissociation of boric acid has been 
studied. 

2. In general, the aiiliyd rides of the sugar alcohols j)otentiate the disso- 
ciation of boric acid to a lesser degree than do the sugar alcohols them- 
selves. Erythritan is dissimilar in this respect, exerting an effect greater 
than either erythritol or mannitol. 

3. Propylene glycol has no effect on the dissociation of boric acid. 
The introduction of a ketone or aldehyde group into the molecule with the 
formation of dihydroxyacetone and glyceric aldehyde, respectively, 
potentiates the disso(*iation of boric acid to a greater degree than does 
glycerol with three hydroxyl groups in the molecule. 
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Kolloidik, Eine Einfuhrung in die Probleme der modernen Kolloidwissenschaft, By 
A. V. BuzXcm. 323 pp. Leipzig: Th. Steinkopff, 1936. Price: unbound, 15 RM; 
bound, 16.50 RM. 

The portmanteau word ‘‘Kolloidik’^ means colloid chemistry and colloid physics; 
in the language of a century ago, the natural philosophy of colloids. The author is 
evidently of a philosophical turn of mind, for the whole treatment of the subject is 
subordinated to his classification of matter according to degree of subdivision pri- 
marily and to morphology secondarily. The systematics may become a little tedious 
to English readers; experimental facts arc mentioned strictly in their proper place 
according to the system of the book. Too often, facts are touched upon only inci- 
dentally in the development of the system of classification, and sometimes selection 
is rather oddly made; thus as functions of dispersity, under the heading “physical,’* 
are included transparency, hardness, photoelectric properties (of thin metallic films, 
which are apparently considered good instances of the effect of thickness on an 
otherwise homogeneous state of matter, an opinion which the reviewer certainly docs 
not share), and catalysis; as “physicochemical” are mentioned some cases where the 
ordinary laws of solution or of electrolysis appear, at first sight, not to be obeyed by 
colloidal systems; and under “chemical,” Smekal’s theory of the mosaic structure of 
crystals. Later on in the book the author comes to rather closer grips with the 
results of experimental research ; among many other things dealt with are the results 
of x-ray investigations into the structure of natural compounds of high molecular 
weight, liquid crystals, surface films, electrical double layers, the use of electron 
beams for studying surfaces, sedimentation volumes, theories of adsorption, peptiza- 
tion, swelling, coagulation, etc. But the treatment is rarely sufficiently profound 
or exact to give the reader a w ell-balanced idea of the essentials of the phenomena and 
of their explanation; and literature references are not sufficiently numerous or up-to- 
date to guide one who wants to master the origiqal literature quickly. It may be 
that the author has been seriously handicapped by his desire to treat everything 
logically and systematically from the standpoint of dimensions and manner of aggre- 
gation. These are not the fundamental properties of matter; they are sometimes 
very important and dominate the phenomena, but often they are overshadowed by 
specific chemical properties, which indeed control them. A natural philosophy of 
that vast miscellany of phenomena loosely classified as colloids must not forget this; 
nor indeed is it generally profitable to treat experimental research as a mere hand- 
maid to a subjective scheme of things. The book is tolerably wtII conceived, but 
it lacks thoroughness, and shows little originality. 

N. K. Adam. 

Reports on Progress in Physics, Published by the Physical Society. Volume II. 
25 X 17 cm.; iv -f- 371 pages. London: The Physical Society, 1936. Price to non- 
Fellowrs: 21 s. net. 

The second volume of this new’ venture resembles the first in being printed on 
excellent paper, with a dignified format and good binding, and in containing a set of 
reviews written by experts on the theoretical and applied sides, which provides 
material of the highest interest to physical chemists. The sections are (neglecting 
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subsections): general physics (Brownian movement, surface tension, viscosity), 
quantum theory (including theory of valency), atomic physics, geophysical prospect- 
ing, radio-exploration of upper atmospheric ionization, sound, heat, electrical and 
magnetic measurements, the charge on the electron, electron tubes, x-rays (including 
structures of substances), spectroscopy, and optics. It will be seen that the volume 
resolutely avoids a narrow view of the subject and overemphasis of certain very new 
fields. The latter receive proper attention and their due space, but it is rather 
necessary to emphasize that this report does represent progress in physics rather than 
in a mere branch of physics, and its value to physical chemists is correspondingly 
enhanced. The volume is one which every physical chemist should read. 

J. R. Partington. 

Omelina Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von dor 
Deutschen Chemischen Gesellschaft. System-Nummer 35: Aluminium, Teil A, 
Lieferung4. 26 x 17 cm.; pp. x -h 535-682. Berlin: Verlag Chemie, 1936. Price: 
18 RM. 

This part of the volume on aluminum deals with the alloys of aluminum with S, 
Se, Te, Po, B, C, Si (pp. 536-627), P, As, Sb, Bi, Li, Na, K, Hb, Cs, Be, Mg, Ca, Sr, 
Ba, Ra. The physical properties are given, with tables and curves, and the chemical 
properties discussed include corrosion. Literature references come to January, 1936. 
The volume is of particular interest from the chemical engineering point of view and 
the treatment is thoroughly sound. 

J. R. Partington. 

Chnelins Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 55: Uran urid Isotope 
mit einem Anhang liber Transurane. 26 x 17 cm.; pp. xviii -f 279. Berlin: 
Verlag Chemie, 1936. Price: 34.50 RM. 

The volume on uranium is complete in itself and includes the chemistry of uranium 
and its isotopes, with a brief account of very recent experiments on the artificial 
production of elements of atomic number greater than 92 (^Transurane")- There is 
also a rather brief account of the radioactivity of uranium in which only elements in 
the series of atomic number 92 are considered, the r(‘lation to the actinium series 
being left rather vague. There isra section on salts of uranium with organic acids. 
The highly systematized arrangement necessary in a work of this kind has its dis- 
advantages, since there is, for example, no account of uranium X, and uranic acid 
and uranates are separated, the latter (with other compounds) being included under 
the various metals. The volume maintains the high standard of the series. 

J. R. Partington. 

Stereoscopic Drawings of Crystal Structures. Edited by M. von Lauk and R. von 
Mises; drawings by E. Rbhbock-Verstandig; text by G. Menzer. Part 2. 18 x 
17 cm.; 56 pp. Berlin: Julius Springer, 1936. Price: in portfolio, 18 RM. 

This collection of twenty-four stereoscopic drawings of crystal structures forms a 
continuation of the series published some years ago by the same authors. In the first 
volume the structures chosen w'ere those of very simple types; here rather more 
complicated ones are depicted, although they are still comparatively simple, consist- 
ing of those of some of the elements which crystallize in a less regular way than most, 
and of compounds of two or three elements. 

Even for these relatively simple structures the advantages of the stereoscopic 
method of representation is very considerable. One has only to try first to make out 
the details of a structure from the drawing without the use of the stereoscope, and 
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then afterwards to view it stereoscopically to be at oiu^e convinced of the immense 
gain in clarity obtained by so doing. It is a real difficulty in work on crystal struc- 
ture that the results of an analysis are not easily made clear to the chemist or mineral- 
ogist whom they might interest. The ideal method, the study of three-dimensional 
models, is rarely available, but sets of stereoscopic models of this kind make a very 
good substitute for models, and one could wish that more of them existed. 

Mrs. Rehbock-Verstandig has drawn the figures for this volume with much skill, 
and with the help of the text, which was contributed by Dr. G. Menzer and has been 
translated into English by Mr. Greenwood, the English and German versions being 
in parallel columns, it is easy to get a very good idea of the plan according to which 
the structures here shown are built up. Although, if nec(‘S8ary, this information can 
be obtained from the Slrukturhencht of Ew'ald and Hermann, it would undoubtedly 
have been a convenience to the reader if references to the sources from which the 
structures are taken had been given in the text. 

H. W. James. 

Eclipses of the Sun. By S. A. Mitchell. Fourth edition, revised and enlarged. 

New York C-ity: Columbia University Press. Price: $5.00. 

The present, and fourth, edition of this standard treatise on eclipses differs from 
the previous issues chi(‘fly in the addition of an extra chapter dealing with the recent 
eclipses of 1932 and 1934. It is unfortunate, in this connection, that at least a few 
allusions to these eclipses were retained uncorrected from the previous edition. 
Thus, we find that in 1935 the author still predicts wdiat will happen in 1932. 

This last chapter contains an excellent summary of some of the conclusions 
derived from crucial observations made at the occasion of these two recent eclipses, 
and a description of Lyot's success in obtaining spectra of the corona without an 
eclipse. 

The remainder of the book is still essentially the same as in previous editions, and 
contains a description of historical eclipses and of the gradual development of and 
the improvement in the prediction of eclipses; furthermore, some chapters dealing 
with the working of the spectroscope and giving an outline of our present ideas on 
the structure of the atom and the theories of ionization and relativity. The re- 
mainder of the book is devoted to a detailed description of virtually all well-observed 
eclipses of modern times from 1842 onward. The arrangement of the chapters sug- 
gests that the author had a dual purpose in writing this book, namely, to make it 
appeal to both professional astronomers and the public at large. The very large 
amount of personal narrative included was doubtless a concession to the latter, but 
the review’er feels that its omission would have made the book more acceptable to 
the former. 

Similarly, in connection with the early historical eclipses a good deal of Egyptian 
history has been included and a rather invidious comparison made between the 
astronomical accomplishments of the early Egyptians and the Babylonians, which, 
in this reviewer’s opinion, might well have been left out. Such comparisons repre- 
sent, at best, only a consensus of opinion rather than a statement of fact, and in the 
present instance appear to be based chiefly upon the authority of a single egyptol- 
ogist — Breasted — in a field of such great diversity of opinion. 

The reviewer cannot help expressing the wish that the author, one of the foremost 
observers of eclipses of our times, w'ould condense into a separate monograph all the 
facts and theories of interest to the professional astronomer, but without any con- 
cession to popular appeal in the form of discussions which are, after all, not very 
relevant from the astronomer’s point of view. 


W. J. Luyten. 
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Abridged Scientific Publicatione from the Kodak Research Laboratories, Volume XVI. 

Rochester, New York: Eastman Kodak Co., 1935. 

This volume contains abbreviated reprints of thirty-four papers which were 
published from the Kodak Research Laboratories during the years 1933 and 1934. 
Fifteen of the papers are devoted to subjects more or less closely related to practical 
photography; six, to the description of scientific apparatus; and the remainder, to a 
variety of purely scientific subjects. The original papers were published in seven- 
teen different journals, ranging in type from the Journal of the Society of Motion 
Picture Engineers to the Transactions of the Faraday Society, The abridged reprints 
are not mere abstracts, but are sufficiently complete to satisfy the general reader. 

Robert Livingston. 

Physical Aspects of Organic Chemistry, By William A. Waters, with an introduc- 
tion by T. Martin Lowry. 14 x 21.5 cm.; xv -f 501 pp. New York: D. Van 

Nostrand Co. Price: $9.25. 

This book deals almost wholly with reactions of organic compounds and only 
incidentally with problems of structure. Of the seventeen chapters which make up 
the book, six are concerned with general considerations of the following: chemical 
affinity, physical theories of molecular structure, valency, electrical dipoles, chemi- 
cal reactivity, and general polarity. The remaining eleven deal with applications 
of these considerations to the reactions of organic chemistry. 

From the standpoint of physical organic chemistry as a whole this work represents 
no advance over treatises previously available; but it is of considerable importance 
as a textbook of the work of the modern English theoretical organic chemists. The 
author has used their point of view in interpreting the reactions of organic chemistry 
on an electronic basis. He has rendered a valuable service in collecting and present- 
ing together the most comprehensive, lucid, and convincing body of this sort of 
material at present available in book form. Typical subjects dealt with from *this 
point of view include: unsaturation, free radicals and their non-ionic reactions, 
ionization and ionic reactions, acidity, hydrolysis and esterification, molecular 
rearrangement, aromatic compounds. The arguments in the text are supplemented 
by abundant literature references. Therefore this should prove an extremely valu- 
able addition to the libraries of those interested in the background of this fast-grow- 
ing field. 

Alberto F. Thompson, Jr. 

The Theory of Emulsions and their Technical Treatment. By William Clayton. 

Third edition, vii -f 458 pp.; 91 illustrations. London: J. A A. Churchill, Ltd. 

Price: 25/—. 

The third edition of Dr. Clayton's well-known book will be welcomed by all 
interested in emulsions. It contains very much new material and is twice the size 
of the second edition, which appeared in 1928. The general arrangement of the book 
remains much the same, but every section has been greatly enlarged. New chapters 
include ' ‘Emulsifying Agents^' (previously a short appendix), “The Preparation of 
Emulsions— Technical Operations," and “Emulsions in Biological Investigations." 
References to the recent literature are most complete and up-to-date. Much of the 
information is not otherwise readily available, this applying in particular to the 
many facts drawn from the patent literature. Considerable space is given to the 
new industrial emulsifying agents such as the numerous sulfonated compounds now 
in use. 

The reviewer feels that the theoretical treatment of the subject would have 
gained considerably in clearness if the method of presentation had been entirely 
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rearranged, instead of the facts being presented in an order determined by earlier 
editions. 

Dr. Clayton is to be congratulated on producing a volume which will be invaluable 
to all investigators in this wide field. 

C. Robinson. 

The Nature of Physical Theory, By P, W. Bridgman. Princeton: Princeton Uni- 
versity Press, 1936. 

In this book the author attempts to analyze critically the basis of physical theory 
in terms of possible operations (i.e., experimental observations). This operational 
analysis is applied not only to the several branches of modern physics, but even to 
such fundamental things as mathematics, logic, and human thought and language. 
In spite of the rather abstruse character of the subject, the presentation is remark- 
ably clear and the style is simple and vivid. 

To many theoretical physicists this book may prove stimulating and perhaps 
at times provocative. To that larger group who are content to follow the general 
trend of modern physical theory and occasionally to utilize some of its definite 
results, it whould be illuminating and intensely interesting. The layman should 
find it helpful in attempting to orient himself in a world of theory which is rapidly 
changing and sometimes apparently kaleidoscopic. He may also find a few weapons 
with which he may protect himself from the intellectual arrogance of some of the 
camp followers of modern physics. 

The authors closing \^ord8 will serve, better than any detailed description, to give 
the temper of this work; ^ ‘logic, mathematics, physical theory, are only our inven- 
tions for formulating in compact and manageable form what we already know, and 
like all inventions do not achieve complete success in accomplishing what they were 
designed to do, much less complete success in fields beyond the scope of the original 
design, and — our only justification for hoping to penetrate at all into the unknown 
with these inventions is our past experience that sometimes we have been fortunate 
enough to be able to push on a short distance by acquired momentum.” 

Robert Livingston. 

Differential Equations in Applied Chemistry. By Frank Lauren Hitchcock and 
Clark Shove Robinson. Second edition. 120 pp. New York: John Wiley 
and Sons, Inc., 1936. Price: $1.50. 

The second edition of this excellent little book has been improved by the addition 
of numerous problems and by the substitution of a treatment of Picard’s method of 
solution of differential equations for the chapter in the first edition which dealt with 
the graphical evaluation of integral expressions. The six chapters are entitled: 
Introduction, Processes of the First Order, Processes of the Second Order, Simul- 
taneous Processes, Equations of Flow and the Numerical Solution of Differential 
Equations. In Chapter V the explanation of the use of Fourier’s series has been 
made much more detailed. This book can be recommended highly to chemists and 
chemical engineers. 

F. H. MacDougall. 

Fundamental Experiments in Chemistry, A Handbook for Teachers and Students. 
By E. D. Goddard. 19 x 12 cm.; xii -f- 147 pp. London and Boston: Ginn and 
Co., Ltd., no date. Price: 3s. fid. net. 

Although this book is primarily intended for chemistry teachers in schools and 
admirably fulfils its purpose in this field, it is noteworthy for the very detailed 
instructions it gives for assembling and performing some of the fundamental experi- 
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^ ments relating to the composition of gases (water , hydrogen chloride, ammonia, 
carbon dioxide, carbon monoxide, nitrous and nitric oxides, and ozone) usually shown 
in lecture demonstrations, so that it would be a very useful book to have in the 
preparation room of a college chemistry department. In many cases such experi- 
ments fail for want of attention to some minor point, and Mr. Goddard^s book will 
usually disclose this point. The details of apparatus are given, and the book may be 
strongly recommended. Teaching hints will be found useful in schools. 

J. R. Partington. 

Kurzgeschichte der Chemie, By F. Ferchl and A. SCbsenguth. 26 x 19 cm.; 230 
pp.; 200 illustrations. Mittenwald (Bavaria): A. Nemayer, 1936. Price: un- 
bound, 12 RM.; bound, 15 RM. (less 26 per cent). 

This book is a noteworthy supplement to all existing histories of chemistry in that 
it is mostly illustrative material. There is a satisfactory amount of text, and this 
takes account of recent studies in the subject, some of which have considerably 
modified older ideas. The illustrations are reproductions from actual manuscripts, 
old books, etc., and are very attractively printed on art paper with explanatory 
legends. The reviewer found the book absorbingly interesting, and he is sure that 
his colleagues will like to share his pleasure. There are many portraits of famous 
chemists, some unusual and some (e.g., of Libavius) rarely seen, and some illustra- 
tions of old laboratory interiors. One of the authors is Director of the Chemical 
Section of the Deutsches Museum, Munich, and has had unusual facilities for collect- 
ing material. 

J. R. Partington. 

Tables of Physical and Chemical Constants and some Mathematical Functions. By 
G. W. C. Kaye and T. H. Laby. Eighth edition. 25 x 16 cm.; 162 pp. London: 
Longmans, Green and Co., 1936. Price: 14 s. net. 

Kaye and Laby’s is the best known short book of tables. The fact that it has 
reached eight editions since its first publication in 1911 is proof that it fills a need. 
It is one which the individual worker can afford and find space for in his laboratory, 
the larger volumes of tables finding a place in the library. The revision has been 
successfully extended to several parts, but there are still some old values which there 
is no point in retaining. Hartmann’s values for the ratios of specific heats of gases 
(p. 61) are worthless and might have been replaced; the book by Partington and 
Shilling is now available for reference here. Only very old values for the dielectric 
constants of gases are given on p. 88; some of the historical data on p. 1 is incorrect; 
the English silver coin has long ceased to have the composition attributed to it on 
p. 22; and the melting point of chlorine dioxide on p. 120 appears to be copied from 
the Landolt-Bfirnstein Tahellen and, as it is really in Fahrenheit degrees, is incorrect 
as it stands. These are examples of what the editors and their helpers should not 
have missed in their eighth edition. In future editions — which should be thoroughly 
overhauled — it would be better to send each section to specialists for comment. It 
could then become a really valuable book. As it is, no worker can safely rely on any 
figure unless he has also looked up the recent literature. 

J. R. Partington. 

Recent Advances in Organic Chemistry. Volume II. By A. W. Stewart, with four 
new chapters by H. Graham. 22 x 14 cm.; xiv -f 489 pp. London: Longmans, 
Green and Co., 1936. Price: 21 s. 

This is in the main a re-issue of the 1931 edition, but the four chapters by Dr. 
Graham sire new and deal with such interesting and important topics as the bile 
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acids and sterols, the cardiac aglucones, hormones, and vitamins. These chapters 
give the reader an excellent idea of the subjects mentioned, and constitute a valuable 
addition to the book. They bring the subjects as nearly up-to-date as could reason- 
ably be expected. 

With regard to the rest of the volume, this is, as ever, stimulating. It must surely 
induce enthusiasm in at any rate a few of those who come relatively fresh to the 
subject. It is a pity that the author appears to favor the views of certain schools 
to the ex(!lusion of those of others whose contributions are quite as outstanding. 
For example, in the chapter entitled “Some Applications of Electronics, “ one finds 
no mention of cither Ingold or Sidgwick, and Robinson is named only once. This 
same chapter gives the reader the idea (p. 373) that our knowledge of activation 
within aromatic systems has not advanced appreciably in the last thirty years. 
The chapter called “Some I'lisolved Problems” deals with some slight questions to 
the exclusion of others of much greater profundity; the Wagner -Meerwein theory 
is not mentioned in that section which refers to the problem of the pinacol-pinacolin 
and similar changes, and a stereochemically improbable formula for diacctylacetone 
is given credence. 

In the chapter dealing with “The Diphenyl Problem,” the reader must remember 
that the “Recent Advances” are those before 1931. This particular problem is 
presented in a straightforward manner, although more could have been achieved in 
the space actually taken. 

E. E. Turner. 

Physical Chemistry. Ry Frank H. MacDougall. 15 x 22 cm.; ix -{- 721 pp.; 97 

figs. New York: The Macmillan Co., 1936. Price: $4.00. 

If one were to judge this book only by an examination of the table of contents and 
by a brief perusal of its pages, he might be led to believe that it is only the Macmillan 
Company's competing book in a field which seems already well-supplied with text 
books. With a more thorough examination of its contents and of the author’s style 
of presentation, it becomes apparent that Professor MacDougall has accomplished 
something very worth while in the teaching of physical chemistry. 

The arrangement of the material is quite orthodox except that a short chapter 
(Chapter II) appears early on energy and the first law of thermodynamics, as does 
his consideration of the structure of atoms (Chapters VI and VII). As the author 
says in his preface, “it is generally recognized nowadays that an adequate introduc- 
tion to the science of physical chemistry must offer the student the opportunity of 
becoming acquainted with the elements of thennodynamics and with the more im- 
portant thermodynamic relations. ” This opportunity is given in this book in a most 
thorough and rigorous way. To one who has not offered such material in a course in 
elementary physical chemistry it may seem to present too much difficulty for the 
average student, yet the treatment is so detailed and straightforward that this diffi- 
culty has been reduced to ijs minimum. 

The author makes a point of his treatment of electromotive forces and potential 
differences, and his treatment of this subject is again characterized by both rigor 
and clarity of thought and expression. 

Beginning with Boltzmann's theorem and Poisson's equation he gives a derivation 
of the Debye equation for the activity coefficient of strong electrolytes. This the 
author admits is beyond the beginning student in physical chemistry, but he in- 
cludes it in the hope that it may be useful in later reference. There is so much 
material in its seven hundred-odd pages that some omissions would in any event be 
made. On the whole the text seems to be an excellent one, and there is every reason 
to believe that it will be enthusiastically received. 


T. R. Hogness. 
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Elementary Principles in Physical Chemistry, By T. J. Wbbb. 16 x 23 cm.; x 4* 

344 pp.; 26 figs. New York: D. Appleton Century Co., 1936. Price: $4.00. 

In the preface the author states that this book was written for junior and senior 
students who have had preliminary training in the descriptive phases of chemistry, 
in general physics, and in the calculus. It takes no more than a general perusal of 
the contents to realize that he has written for the superior student who is to specialize 
in some field of chemistry. 

The book differs from most texts in this field in that it is somewhat more advanced. 
Some of the theorems which are usually mentioned in an already developed form are 
developed in considerable detail, such as the Debye-Htickel limiting Iftw of strong 
electrolytes, which includes a development of Poisson ^s equation, the Schroedinger 
equation, reaction velocities from the configuration-potential energy standpoint of 
Eyring, the quantum theory of the rotator and oscillator, and many theorems in 
thermod3mamic8. Most students taking an elementary course in physical chemistry 
are not sufficiently prepared for some of these considerations. 

**The content of the book revolves about the two fundamental problems of theoret- 
ical chemistry, viz., the state of equilibrium in a chemical reaction and the rate at 
which the state of equilibriiun is attained.” Consequently, very little considera- 
tion is given to the physical properties of the liquid and solid state. For example, 
there is no discussion of the subjects of surface tension and dielectric constants. 
The book is replete with formulae and derivations and contains a relatively small 
amount of factual and descriptive material. 

This should be an excellent text for the more advanced student in physical chem- 
istry. If the student’s only contact with physical chemistry is to be in a course in 
which this book is used as a text, a good deal of supplementary work on the part of 
the instructor will be necessary. However, during some time in his training the 
student in physical chemistry should become acquainted with those subjects the 
treatment of which distinguishes this book from those which have already appeared. 

T. R. Hogness. 
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INTRODUCTION 

Much of our knowledge of matter is that of its surface. It is fortunate 
that we have such information concerning surfaces, for many different 
types of physical and chemical phenomena are quite dependent upon the 
nature of the surface. For example, the absorption and emission of heat 
and light, thermionic emission, secondary electron and photoelectron 
emission^ contact potentials, surface tension, rate of a chemical reaction, 
catalysis, adsorption, friction and so forth are dependent upon the con- 
dition of one or more surfaces. A surface may be thought of as consisting 
of atoms or molecules distributed at random, or in some orderly fashion. 
The interaction of waves with a regularly arranged network of matter 
produces reflected waves, which combine in such a way that, from their 
space intensity distribution recorded at a distance from the network, 
some dimensions of the network may be calculated. Electron waves are 
now a reality and have become a useful tool in studying atomic and molec- 
ular networks found at and near the surface. 

Since the discovery of the wave characteristics of electron beams by 
Davisson and Germer (2) many workers have used electron waves to in- 
vestigate films and surfaces of crystalline solids. Some organic liquids 
have been studied (1, 3). 

Slow electron waves have the least penetrating power of any radiation 
which exhibits a wave nature, therefore they are quite sensitive to surface 
layers. Low velocity electrons probably never penetrate more than ten 
atom layers. The major part of the diffraction of the electron wave by 
metals occurs in the first two layers.* Slow electrons are quite suitable 
for the study of surfaces which consist of only a few molecular layers. 

^ Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 

* *'A known number of atom layers of one metal were deposited on the surface of 
a single crystal of another metal by evaporation in high vacuum. Direct results on 
depth of penetration were obtained from measurements on electron diffraction as a 
function of the thickness of the surface layer. A silver film deposited on a copper 
crystal is amorphous. A layer one atom deep reduces the maxima of the beams from 
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THBOBBTICAL OIBC088IOK 

An electroQ beam incid^t on a surface makes an an^ $ witit the sun* 
face. In order to measure distances normal to the surface by means of 
diffracting electron waves, the condition that the angle of incidence equal 
the angle of refiection must be satisfied, and this may be met by having the 
collector receive only those electrons r^ected at an angle equal to the an^ 
of inddence. If the surface is composed of atoms l]ring in planes spaced 
at a distance d, measured normal to the surface, and the Bragg condition 

nX « 2d sin 9 (1) 

is satisfied, electron waves reinforce each other and a maximum collector 
current results. Here X is the wave length of the dectron wave as given 
by the de Broglie relation 

X = h/mv centimeters (2) 

where h is Plank’s constant, tn is the mass of the electron, and v is the 
velodty of the electron. In turn, v is given by 

V = (2Ve/m)* (3) 

where V is the accelerating potential in absolute b.8.t7., and e is the charge 
on the electron in absolute e.b.xt. Substitution of this in equation 2 gives 

^ 12.214 X 10-* cm. ... 

^ ® 

where P is the accelerating potential measured in practical volts. Sub- 
stitution of equation 4 in equation 1 gives 

pi sin e = 6.107 X n/d (6) 

which is the condition that is satisfied for maximum collector ciirrent. 
This relation assumes no inner potential. 

For a given surface having zero inner potential the condition for maxi- 
mum collector current is Pi « constant X n. If two maxima are chosen 
with quite a few others existing between, ordering of the maximum may 
be readily accomplished. For 

P}/P| = ni/n, 


the copper lattice by at least seventy per cent for energies up to 300 electron volts* 
A number of foreign silver atoms equal to a few hundredths of that contained in one 
atomic layer can be detected by this method. A silver film deposited on a gold 
crystal is crystalline. The surface atomic layer of silver contributes at least ninety 
per cent* This predominating effect of surface atomic layers for primary energies 
as high as dOO electron volts is not in accord with the theoretical predictions of v. 
XiEue*'' (Farnsworth, H. E.: Phys. Rev. 47, 331 A (1335).) 
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where P\ is the voltage whore maximum of the order Ui oeeurs, and P 2 
is the voltage for maximum 712 . Now n 2 = Hi + a, where a is the number 
of maxima existing in going from rii to n 2 . Substitution for 71,2 and rear- 
ranging gives 

71 =r — p\ ( 6 ) 


from which the order ru may be found. 

The more general cases of diffraction of el(»ctrons must take into a(*- 
coiuit the so-called inner potential, <l>. The velocity of the electron wav(‘ 
within the lattice will be different from th(‘ velocity of the electron wave 
just outside the lattice, if the inner potential is different from zero. The 
ratio of th(\se velocity's, or in other words the index of refraction, /x, is 
given })y 




and th(' maxima should obey 


pi sin 6 


Y 

15()ri2/ 


APPARATUS 

An electron diffraction api)aratus (figure 1 ) was (‘onstructed which has 
the following features: ( 1 ) The specimen holder remains in a fixed plane. 
(2) The specinK'ji holder may be quickly reinovc'd, and replacc'd when chang- 
ing specimens. (3) The collector and electron gun can be simultaneously 
rotated in su(‘h a way as to satisfy th(» condition that th(' angle of incidence 
ecjual tlu' angle of n'flection. (4) The filaiiK'nt of th(' ('lectron gun may be 
r('n(nv(*d through a side tube. (5) I'Ik' entire apparatus is constriu'ted 
of brass to avoid contact potentials. 

Th(' electron beam is produced by means of an ('k'ctron gun (G), and is 
c()llimat(*d by means of three thin circular apertures (Si, S2, S3) 0.55 mm. 
in diainetcT. The entire slit system is mounted upon arm Ai, and may be 
adjusted by the tw^o screws (V) for alignment. Th(' collar (W) holds th(‘ 
filament system in the correct position, and may b(» n'lnoved when spot- 
welding a renewal filament, which consists of thr('(‘ turns of 0.0()5-in. 
tungsten wire forming a spiral 1 mm. in diaimder. It is spot-welded onto 
tw’o 0.040-in. nickel wire leads. The axis of tlu' spiral is coaxial with the 
slit system. The filament spiral is 1 mm. from tlu' first aperture (S|). 
The nickel leads are supported by means of a lavite* insulator. A copper 
strip I in. long, in. wide, and 3 ^ in. thick, bent in the middle to form a 
split connector, is silver-soldered to each end of the nickel wire leads, and 
these connectors are held by means of two lavite blocks, the ujipc'r one of 
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which has a brass screw (L) attached to it which passes through the h(^x- 
agonal nut held by moans of a shoulder in the brass case. Pressure is 
applied on the copper contacts when the nut is turned in a counter-clock- 
wise direction, so that the two brass tips may be clamped in the copper 
connectors. These brass tips are mounted in a lavite block, which is 
supported on the shield K, which has a bearing in the center of the shaft 
connected to the electron gun arm and carries two flexible copper conduc- 
tors, which consist of seventy-two strands of 0.005-in. wire, insulated from 
the shield by means of glass beads. The upper conductors are silver- 
soldered to the brass tips. The shield has a small rack attached to it 
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Fig. 1, Electron diffraction apparatus 


which enables the brass tips to be slipped from between the coj)per (‘on- 
ncctors by moms of a tool containing a small pinion gear, which c(mters on 
the brass nut. The filament assembly can be removed through a side 
tube when the brass tips are in this position. A small spring catch eithcT 
holds the brass tips in between the connectors, or holds them away. The 
copper tubes (U) shield the filament leads up to the point at which they 
leave the glass enclosure. Shielding outside the enclosure is effected by 
means of a braided copper sheath. 

The collector (C) consisted of a small Faraday chamber held in place by 
a quartz insulator behind the 0.55-mm. aperture, which is mounted on the 
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arm (At). The lead to the collector is brought through a quartz tube 
(6 mm. outside diameter, 3 mm. inside diameter), and it is bent so that the 
deetrometer lead leaves the quartz insulator coaxial with the mechanism 
used to rotate the collector and gun. A braided copper shield over the 



omms PINION 
Q£An rim CHAtiGlMO 



quartz serves for electrostatic shielding for the electrometer lead within 
the glass enclosure. 

The arm of the electron gun is fastened rigidly to the shaft H (figure 2), 
which is, in turn, fastened rigidly to the gear G. The collector arm is fas- 
tened rigidly to the shaft J, which is fastened to the gear Gg by means of three 
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set screws. Motion in opposite directions is imparted to the gears Gi, 
Gj by the small gear G». The three set screws on the large gear (Gi) 
allow adjustment of the collector, so that the angle of incidence equals 
tlie angle of reflection. The angles are read from the scale engraved on 
the base plate by the two indexes (Mi, M*) connected to the electron gun 
and collector, respectively. The base plate is mounted on the large cop- 
per tube N, which is mounted on a smaller copper tube (2i in. in diameter) 
by a slotted flange. The other end of the smaller .tube is sealed directly 
to the Pyrex glass. 

The table T, mounted on the base plate, is adjustable for alignment. 
It has a milled channel to receive the specimen holder. The specimen is 
mounted on a circular table in the specimen holder. This table is held 
against three leveling screws by a tungsten spring. 

A shield constructed of two semicircular pieces could be mounted upon 
the specimen holder to shield the electron beam from any electric field 
which might be created by charges accumulating on the glass wall of the 
enclosure approximately 76 mm. from the specimen. A 10® wedge placed 
between the two semicircular pieces with its knife edge 0.5 mm. from the 
specimen could be used to separate the incident electron beam from the 
diffracted beam. 

It was necessary to use ground glass joints lubricated with stopcock 
grease on the control for changing the angle and on the tube through which 
the specimen is introduced into the apparatus. It is equally necessary to 
keep the stopcock grease from the surface of the specimen. Figure 3 
illustrates the method used to prevent stopcock grease from entering the 
apparatus proper. 


THE ELECTRICAL CIRCUIT (FIGURE 4) 

The filament of the electron gun is heated by the battery (Bf, figure 
4) and the filament heating is controlled by rheostat Ri, which gives a 
coarse adjustment, and by rheostat R*, which gives a fine adjustment. 
The accelerating voltage is supplied from a 1000-volt lead storage battery 
(Bai) in steps of 100 volts. Intermediate accelerating voltages are ob- 
tained by means of the potentiometer lU and the 50-volt auxiliary batteiy 
(Ba 2). The accelerating voltage is measured by the potentiometer P 
and the volt-box R* through switches Q2 and Q». 

The collector current is measured with the Dershem electrometer (E). 
The electrometer leak (Rj) of 2.56 X 10“ ohms was not used in all of the 
experiments. The electrometer sensitivity control employed the follow- 
ing resistances: R5 80,000 ohms; Re = 2,000 ohms; R? = 80,000 ohms; 
and Re, which consisted of two variable resistances of 50,000 ohms and 
1,000 ohms connected in series. The electrometer sensitivity was checked 
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throughout an experiment by the potentiometer P, through the grounding 
key Qi and the switches Q2 and Q4. 

In some of the experiments a constant retarding potential was applied 
to the collector by introducing a battery between points a and b. In 
later experiments apertures S4 and Sb, 1 mm. in diameter, were added to 
the collector, and Se was enlarged to 1 mm. in diameter. The retarding 
potential was then applied between the aperture S4 and Sb and was equal 
to the accelerating potential minus the potential from battery B». If 
vacuum conditions were poor, positive ions would form around Sb, com- 



pletely shielding it from the electron beam, and in order to stop electrons 
from entering the collector, it was necessary to make Sb several volts (35 
volts in some cases) more negative than the electron gun filament. 

All parts of the diffraction apparatus, with the exception of the electron 
gun filament, aperture Sb, and the Faraday chamber, were at ground po- 
tential. 

MEASUREMENTS 

Diffraction of electrons from oleic acid 

Some of Kahlbaum^s technical oleic acid, which had been further purified 
by evaporation in a vacuum at an extremely slow rate, was first invest!- 
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gated. The drift-rate method* was used to measure the collector current. 
The filament heating current was kept constant, and the thermionic emis- 
sion was read for each accelerating voltage. The electron beam was 
interrupted between measurements. 

Experiment with a fixed angle of 7^S0'. The values of io/it (collector 
current/thermionic current) in arbitrary units are plotted as the ordinate, 
and values of Pi (square root of accelerating voltage) in units of (practical 
volts)* are plotted as the abscissa in figure 5. Data for the curve follows 
a sequence in voltage from A to B, then C to D, and then E to F. The 
data form a smooth curve from A to J5. Curves CD and EF are displaced, 
oviing to the large jumps in voltage from BC and D to E, It is noted that 



the change in intensity (ie/it) is greater for the jump iS to C than for the 
jump D to E. Many workers* in electron diffraction have found reduction 
in intensity with continued bombardment with electrons, and have classi- 
fied it as a ‘‘fatigue effect,'' possibly due to a growing surface charge. The 
effect above, however, is found when a large change in voltage is made, 
and might be classed as a fatigue effect in view of the fact that, if a period 
of half an hour is allowed to elapse, the erratic points return to normal 
values. 

• The time required for drifting between two fixed points 20 mm. apart on the 
electrometer scale was measured. The current is inversely proportional to this tiin«. 
The electrometer sensitivity was 500 mm. per volt. 

* G. P. Thomson. Emslie, Rupp, Dames, and others. 
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In ordering the maxima it was assumed that the maxima in the curve 
from -4 to 5 belonged to the same spacing distance, and that the inner 
potential was zero. A maximum exists at JP} == 8.03 volts*, and another at 
P\ = 13.1 volts*. There are five maxima (a = 5) in going from ui to 
nj. Substitution in equation 6 gives ni = approximately 8, as n must be 
a whole number. Substitution of these orders in the Bragg equation gives 

d = 44.9 A.U. 

Table 1 gives the various values of P* as calculated for d = 44.9 A.U. 
and the observed values of F*. 

The arrows in figure 5 indicate the positions of the calculated maxima. 
The calculated positions for the fourteenth and sixteenth orders are mis- 
fits. 


TABLE 1 


Calculated and observed values of P* 


OROBR 

P* 

(CAirULA'TBD) 

P* 

(obsxkvsd) 

8 

8.03 

8.03 zfc 0.05 

9 

9.04 

9.05 

10 

10.04 

10.05 

11 

11.05 

11.05 

12 

12.05 

11.95 

13 

13.06 

12.95 

14 

14.07 

13.6 

15 

15.08 

Insufficient data 

16 

16.08 

16.0 (minima) 

17 

17.09 

16.8 

18 

18.09 

Insufficient data 


Experiments with a fixed angle of SO®. These data exhibit three rather 
broad maxima (figure 6). The best fit for these maxima corresponds to a 
spacing distance of 3.2 A.U. for the second, third, and fourth orders. This 
distance is considerably less than the 4.8 A.U. for oleic acid, which was 
found by Sogani (5) by diffraction of x-rays. However, Sogani^s values 
are, for the most part, large. There are several minor peaks on the broad 
ones, which are outside of the experimental error. These might be as- 
signed to the very large spacing found in the previous experiment. For a 
spacing of 45 A.U., AF* should have a value of 0.271 volts*. On examining 
the curve, several peaks are found which might belong to this spacing. 
However, for F1 = 10, the order is 43 and the intensity of these peaks is 
expected to be extremely weak. 

The values on the curve were taken in the following order: from a to 
b; then the single point c; then d to e. Point c is far below the curve. The 
curve d to e was affected very little, if any, by the jump to point c, as only 
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a single reading was taJcen there and it required a bombarding time of 
sixty-five seconds. This would seem to indicate that the charging up of 
the surface (if that is the case) requires a greater time than one minute. 



Fio. 7. Diffraction of electrons from repurified oleic acid. $ “ 30“ 


A portion of the sample of oldc add used above was further purified by 
evaporation in vacuo at an even slower rate than previoudy. This proc- 
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ess removed a very small percentage of solid acids. An experiment (fig- 
ure 7) was made on this sample for the region from P* = 7 volts^ to P^ = 
11 volts^. The collector current was measured by taking the potential 
drop across a resistance of 2.56 X 10^^ ohms by means of the electrometer. 
The thermionic current was kept at a fixed value by adjusting the filament 
current. A maximum, which corresponds to the second order for d = 
8.2 A.U., is quite pronounced. This experiment, as well as all the others 
on oleic acid, failed to show good evidence for the distance of 12.0 A.U. 
as reported by Buhl and Rupp (1). The positions for the maxima corre- 
sponding to the eighth, ninth, and tenth orders for a spacing of 12 A.U. 
are indicated in figure 7. 



Experiment with a fixed angle of 20P {oleic acid). The angle used in this 
experiment was such that the maxima for the 3.2 A.U. spacing were too 
broad (Pi = 5.7 volts*), and the maxima for the 45 A.U. spacing were of 
high orders. The second order for a spacing of 3.2 A.U. and the twenty- 
first to the twenty-eighth order for a spacing of 45 A.U. are indicated by 
arrows on the graph for comparison (figure 8). 

Diffraction of electrons from the {100) cleavage plane of a single crystal of 

sodium chloride 

Large single crystals of sodium chloride were cleaved in order to obtain 
a fresh surface. The size of the crystal thus prepared was about 5 mm. 
X 5 mm. X 3 mm. The crystal was put on the holder and placed in the 
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apparatus, and evacuation was begun at once. The diffracting surface 
was the (100) plane. The azimuthal orientation of the crystal was such 
that the (010) planes were parallel to the plane of the incident electron 
beam and the normal to tiie (100) plane at the point of incidence. In 
these experiments the filament heating current was kept constant. The 
collector current passed through a resistance of 2.66 X 10“ ohms and was 
measured with an electrometer, which registered the potential drop it 
created. The period of the electrometer under such conditions was 
approximately sixty seconds. The surface was bombarded with electrons 
for equal time intervals for each reading. The electrometer sensitivity 



4 « 6 10 , 12 14 , It It 20 
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Fig. 9. Diffraction of electrons from the (100) cleavage plane of a single crystal of 

sodium chloride. 9 ~ 30° 

was 600 divisions per volt. A retarding potential of 4.5 volts, applied to 
• the collector, was used in the experiments with sodium chloride. 

Experiment 1, curve AB of figure 9 ($ = 30’*). Curve AB is a plot of 
the collector current against Pi. The surface of the sodium chloride crys- 
tal was bombarded with electrons for a period of sixty seconds at each 
voltage, and bombarding was discontinued for a period of ten to twenty 
seconds while the voltage was changed. Curve AB exhibits a broad maxi- 
mum, which fits both the third order with an inner potential of 10 volts 
(4, 6), and the 5/2 order with an inner potential of zero. A second rather 
weak maximum corresponds to the 7/2 order with an inner potential of 
10 volts, and the third order with an inner potential of zero. Four pos- 
sible maxima(n = 3, ^ *= 0; n = 7/2, 4> = 10; w = 7/2, ^ » 0; n = 4, 
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<!> = 10) would occur in the region from P* = 13 volts* to P* = 16.2 volts*. 
This might explain why there are no well-defined maxima in this region. 

Experiment 2^ curve CD of figure 9 (B 30^). The filament was allowed 
to bum for two hours before any data were taken. A well-defined maxi- 
mum occurs corresponding to the second order for n = 5/2 and <!> = 10. 
This maximum exhibited a fluctuating intensity, though the average col- 
lector current was fairly constant. The encircled points on the curve 
are check points taken at the end of the experiment. The agreement is 
excellent. 



Fia. 10. Diffraction of electrons from the (100) cleavage plane of a single crystal of 

sodium chloride. $ = 10® 

Experiment 3, curve EF of figure 9 {$ — 30°), The surface was bom- 
barded for a period of ten seconds with 386-volt electrons. A period of 
fifty seconds was allowed to elapse before a reading which required sixty 
seconds to complete was taken. This curve shows fair agreement with 
curve CD. In addition to the maxima exhibited in curve CD, curve EF 
has two other rather weak peaks, which correspond to n = 3/2 and <t> 
= 0, and n = 2 and = 0. Peaks corresponding to a lattice potential of 
zero are often weaker than the regular peaks for a great many substances. 
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The values d « 2.81 A.U., 6 = 30®, and 0 = 10 volts were substituted 
in equation 8, which yielded the condition for maxiina 

P* 4.34 (n^ - 2.106)» 

pi for the maxima, which correspond to n = J and n = 1, has an imaginary 
value and the maxima should be absent. 

Experiment 4f sodium chloride, figure 10 ^ 10°). A retarding poten- 

tial equal to 6 volts less than the accelerating potential was applied between 
the apertures S4 and S5. Electrons which had lost 6 volts or more of their 
original energy did not enter the Faraday chamber. The curve exhibits 
four maxima, three of which agree best with n = 1, n « 3/2, and n = 
2 for ^ = 0. The calculated and observed maxima are given in table 2. 

The diffraction of electrons from the (100) cleavage plane of galena at 206^C, 

A large single crystal of natural galena was cleaved into a smaller crys- 
tal (3 mm. X 3 mm. x 2 mm.). The (100) plane thus obtained appeared 

TABLE 2 


Calculated and observed values of P* 


n 

p\ 

(calculatkd) 

(obbbrvbd) 



11.2 

1 

12 52 

12.1 

3/2 

18.78 

18.9 

2 

25.04 

24.2 


quite uniform to the eye by reflected light. Preliminary measurements 
on this crystal at room temperature failed to reveal any clearly defined 
peaks between 50 and 420 volts.® The furnaces used for degassing the 
apparatus were put in place and the entire apparatus was heated to 200°C. 
for seven days. At the end of that time the pressure in the apparatus was 
7.0 X lO"^ mm. with the usual heating current passing through the fila- 
ment. Nine maxima were found between 50 and 300 volts, with the angle 
of incidence equal to 75°. It was impossible to use retarding potential in 
this experiment, as the dielectric absorption current in the quartz insula- 

* The previous experiments on sodium chloride gave maxima which were relatively 
weak in intensity. Laschkarew (Z. Physik 86, 631 (1933)) and his coworkers found 
that a single crystal of graphite acted as an electron optical surface at room tempera- 
ture. That is, the collector current exhibited no maxima or minima as the accelerat- 
ing voltage was varied. However, upon heating the crystal for two hours at 200®C. 
and then making observations at that temperature, very intense maxima were found. 
They explained this as being due to the ability of the graphite to absorb gas at room 
tmperature and inability to retain it at 200®C. 
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tion on the collector system required too long a time to reach equilibrium. 
The thermionic current was kept constant at 0.500 milliampere by adjust- 
ing the filament heating current with a variable carbon resistor.* The 
electrometer leak was 2.56 X 10” ohms, and the electrometer sensitivity 
was 250 divisions per volt. 

TABLE 3 


Experiments on galena with different cooling agents on the grease traps 


DATE OF EXPERIMENT 

CURVE IN 
PiaURE 0 

COOLING AGENT ON GREASE 
TRAPS 

COOLING AGENT ON OTHE 
TRAPS 

August 7, 1935 

AB 

Crushed carbon diox- 
ide in acetone 

Liquid nitrogen 

August 10, 1935 

CD 

None 

Liquid nitrogen 

August 11, 1935 

EF 

Liquid nitrogen 

Liquid nitrogen 



Fig. 11. Diffraction of electrons from the (100) cleavage plane of galena at 206 ®C. 

e « 75^; =» 16.9 volts 


All of the following experiments on galena were performed with the en- 
tire diffraction apparatus at approximately 206®C. The experiments 
differed only in the cooling agent used on the traps, as shown in table 3. 

The values d = 2.98 A.U. and 0 = 75°, when substituted in equation 8, 
yield the condition for maxima that 0.222P = — 0.238^. The values 

of P for each maximum on curve AB of figure 11 were plotted against 
various values of n*, and the series of points which fell on a straight line 
parallel to the line n® = 0.222P belonged to the correctly ordered maxima. 
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The difference between the experimental value of the voltage for a maxi- 
mvun and the value given by P =» nVO.222 is the inner potential for that 
maximtun. The average value of the inner potential for the best defined 
manma (maxima with n » 9/2, 5, 11/2, 13/2, and 7) was 16.9 volts. 

An experiment (curve CD) without any cooling agent in the grease traps 
completely changed the shape of the cvurve, and very weak maxima, if 
any, could be found. An experiment twenty-four hours later with liquid 
nitrogen in the grease traps yielded a still different curve without well- 
defined peaks. ITie collector current was greater, owing, more than likely, 
to the better vacuum conditions. It seems reasonable to suppose that 
during the second experiment the organic vapors present were decomposed 
by the electron beam at the surface of the galena, thus forming a semi- 
amorphous layer which remained on the surface for at least twenty- 
four hours. Consequently, liquid nitrogen on the grease traps failed to 
bring out any maxima. A dark brown spot was easily seen on the surface 
of the galena where the electron beam had struck it; this was probably 
decomposed oi^anic matter. The “fatigue effect” in the case of the oleic 
acid might be explmned on the basis that the electron beam tended to 
decompose the oleic acid where it struck the surface of the oleic acid and 
the decomposition product diffused away slowly. 

Stearic add 

A minute amount of stearic acid was placed upon a polished platinum 
plate, the temperature of which was just above the melting point of stearic 
acid. A thin visible film of stearic acid formed over the surface of the 
platinum and was quite homogeneous when cold. No maxima and minima 
were found, and the visible film of stearic acid disappeared. In all prob- 
ability the film had evaporated in the high vacuum, and something less 
than a monomolecular film was left. 

SXTMMARY 

Slow speed electrons were used to study various surfaces by means of 
electron diffraction. The angle of incidence was kept fixed and equal to 
the angle of reflection, while the accelerating voltage of the incident elec- 
tron beam was varied. The collector current-accelerating voltage curve 
showed three broad distinct maxima with a surface of bulk liquid oleic 
acid, which corresponded to a distance of 3.2 A.U. A long distance of 
45 A.U. was also found for oleic acid when the incident beam made a small 
angle with the surface of the liquid. Oleic acid showed a pronounced 
“fatigue effect,” probably due to a growing surface charge. The (100) 
cleavage plane of sodium chloride gave maxima corresponding to an inner 
potential of zero and one of approximately 10 volts. Two methods of 
measuring were found which apparently did not show a fatigue effect. 
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The (100) cleavage plane of galena gave no well-dei&ned maxima at room 
temperature. At 206®C. several well-defined maxima were found which 
corresponded to an inner potential of about 16.9 volts. Half-order, as 
well as whole-order peaks were found. Bombardment of the surface with 
slow speed electrons, at 206®C. and in the presence of a trace of organic 
vapor, permanently destroyed the grating properties of the galena surface. 
Stearic acid films on a polished platinum surface vaporized in the high 
vacuum before an experiment could be performed. 
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POLYMOLFXTILAR FILMS: MIXED FILMS WITH TWO OR 
MORE COMPONENTS. I 

Fatty Acids and Non-polad Substances^ 

HOBERT J. MYERS and WILLIAM I). HARKINS 
Deparlmcnt of Chevrislnj^ VmverHttif of Ch/cag(t, Chicago^ lUinots 
Ifcceived June ii, 1936 
1. INTHODUCTION 

Mouoniolocular films of insolnhlo substances eoiitaining a polar ^roup 
have b(M*ii extensively examined by Harkins, Langmuir, Adam, Rideal, 
and oth('r workers. \cry little attention, however, has been paid to the 
nior(' general ease of polymolecular films composed of two or more sub- 
stan(*es. In 1925 Harkins and Morgan (6) examined the for(*e-area 
(*hara(*t(Tisti(*s of mixed films of stearic acid and ])h{*nanthrene, and showed 
that th(* stearic acid exists as a monomolecular film whih* the molecules of 
plnmanthrene are mostly piled up over it, and the two togetluT give a 
polymol(‘cular film, de Haas (3) has recently examined films of mixtures 
of jialmitic acid and paraffin, but th(‘ films exhibited quite anomalous 
<iharact(Tistics 

In vi(‘W of th(* great value of a knowledge* of the behavior of polymolec- 
ular films as a fundamc'ntal approach to a generalized theory of surface 
films, as well as the application of such knowledge to the practical problems 
of lubrication and cell-interface' phenomena, case's in whie*h pe)lymolecular 
films exist be'ye)nd a ele)ubt, the' autheirs have undei-takeai an exte'nsive' 
inve'stigation of those pedymole^cular films. Sine*e the films stuelie'el be)th by 
Harkins and Me)rgan and by de Haas weTe* solid films, it is quite like'ly that 
some e)f the' phe'iiomena exhibited by the films may have be'eni due to this 
solidity, rather than to orientation effects aleme. For this reason, in this 
inve\stigatie)n, liquiel h 3 Tlrocarbe>ns were aelele'd te) the pe)lar substance's to 
insure freede)m for reorie'ntatie)n, if any, in the film. 

This paper is to be considereel as a rapiel pre'liminary surve'y e)f the* geni- 
e*ral characteristie*s of films of fatty acids te) whie*h we're added, before 
spreading, various epiantities of tc'tradecane e)r Nuje)l, ne)n-pe)lar hyeiro- 
carbe)n liepiiels of relatively low vapor pressure. 

II. APPARATUS AND PREPARATION OF FILMkS 

The film balance', e)f the type de'signeel by Adam (1) and moelified by 
Harkins and Fre'ud (2) and Harkins and Fische'r (4), has recently been 

1 Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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further modified and is described in detail elsewhere (7). The torsion 
head is shown in figure 1, and the film balance in figure 2. The recent 
improvements may be briefly summarized as follows: (1) A beam arrest, 
operating much as the balance beam arrest on an analytical balance, is 
mounted on the torsion head as shown and serves to prevent large move- 
ments of the torsion wire- float assembly during a calibration or a deter- 
mination of film pressure. This has resulted in precise calibrations and 
exact checks of ^^zero-poiiit*' readings. (2) The trough, 75 cm. long and 
25.4 cm. wide, is supported by adjustable screws which in turn are mounted 
on amber posts for insulation purposes. The plate-glass sides of th(‘ box 
are covered with fine copper screens which are grounded, together with the 
chromiinn-i)lat^'d franH‘work. (3) The box containing the film balance 



Fig, 1. Tho torsion ht‘ad 

is enclosed in a larger tlunmostatically (controlled chamber, which may 
also be closed and grounded, enabling th(' experinK'iits to be conduc- 
ted under any desired gas and in total darkiu'ss, if n('c(\ssary. (The 
work reported here was conducted at room temperature, prior to the con- 
struction of the thermoregulating devices.) (4) The surface is sw(^pt and 
the film compressed by means of barriers operated by rods extending to the 
outside of the box. The threaded lead-screw driving the compressiem 
barrier-holder is fitted on the exterior with a mechani(;al revolution 
counter, and areas are read in terms of revolutions of the lead-screw. 
Higher precision in area determinations is thus obtained. (5) The 
electrodes for contact-potential measurement are carried along the axis 
of the trough by a moving table which also serves as part of the top of the 
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inner l)OX. This moving top slides in grooved bars across th(^ top of the 
l)ox and is also moved by a lead-serew. (Potential measurements re- 
ported in this paper were made on the apparatus of Harkins and Fischer, 
as the potential circuit was under construction at the time of th(‘ experi- 
ments.) This arrangement of the movable electrodes minimizes the 
number of moving parts over the trough, and in turn avoids to a great 
extent th(» danger of dirt falling upon the surtace. (6) Th(» dividend drum 
attached to the torsion wire was mounted on the outside^ of th(‘ box, 
(MUibliug all r(‘adings to be made on the exterior of the ap])aratus. 



Fig. 2. The film balanre 

Th(‘ tatty acids and the hydrocarbons wen^ spn'ad from ligroin as sol- 
vent. The ligroin was treated with activates! silica gel followcnl by a dis- 
tillation in an all-glass apparatus. The hydro(*arbons, tetradecane and 
Nujol, w(Te tr(\ated \^^th fuller^ earth and then centrifugcHl. Blank 
tests made on tlu'se ])urified materials faih'd to show any traces of spread- 
ing substance's. The saturated fatty acids were generously loaned for 
this work by Professor E. F]mmet Reid of the Johns Hopkins University. 
They were prepares! by Miss Jane Dick Meyea* and arc of the very highest 
purity. The oh'ie* acid was prepared by Dr. Robert J. Moon in this lab- 
oratory, by evaporation in a high vacuum. It was excc*ptionally pure and 
fr(M' from saturated acids. 
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The solutions for spreading were made by dissolving from 30 to 60 
mg. of fatty acid in about 32 g. of ligroin. A special weight pipet de- 
signed by Harkins and Freud was used in dropping the material on the 
surface. The capillary tip was ground flat according to the directions 
of Harkins and Humphery (5) for the preparation of drop-weight tips. 
The drops formed slowly and broke off neatly, leaving a negligible quan- 
tity on the tip face. In this manner the evaporation error was entirely 
eliminated. A balance weighing to five decimals was used, since an error 
of 0.2 mg. in preparing the solutions or in weighing the pipet may result in 
as much as 1 per cent error. Assuming that all the errors are additive, 
we feel that the results reported herein arc reproducible to less than 1 
per cent. 

In some cases the shift in the F~A curv^e produced by th(‘ add(‘d liydro- 
carbon is quite small. To eliminate the slight shift between curves caused 
by a w^eighing error between tw^o sohitions, the hydrocarbon was added 
directly to a weighed portion of the fatty acid solution, inst(‘ad of attempt- 
ing to prepare a new solution of the fatty a(‘id. 

III. FORCE-AREA RELATIONSHIPS OF FILMS OF FATTY A(TDS MIXED WITH 

TETRADECANE 

The force-area curves of films of myristic, pentadecylic, stearic, and 
oleic acids mixed with various quantities of tetrad ec^ane or Nujol are shown 
in figures 3 to 9. All films were examined on 0.01 molar hydrochloric* a(‘id. 

The lack of any appreciable effect of tetradecane on the* forct'-arc'a 
curves is quite striking. The effect of longer time intervals between points 
is shown in experiments 88 and 89 (figure 3). If readings are taken 2 
minutes after a film is adjusted to a certain increment of pressure, during 
which time the areas are decreased sufficiently to maintain the film pressure* 
constant, the curve of experiment 88 (figure 3) is obtained. If the film is 
held at each pressure level for 4 minutes, the curve of experiment 89 (figure 
3) is obtained. These and other experiments point definitely t-o a need for 
the development of a standard rate of compression. This problem will be 
studied during the course of the.se investigations. For this i)reliminary 
survey an arbitrary interval of 4 minutes w^as adopted, except in those 
instances in which the ‘^4-minute curve^^ w^as unchanged from the ‘‘2-min- 
ute curve. 

The curves of figures 4 and 5 further illustrate the lack of effect of 
tetradecane on the force-area curves of myristic and pentadecylic acids. 
At this point in the work it was felt that an evaporation of the tetradecane 
was taking place. To prevent some of this evaporation, small quantities 
of dotriacontane^ were added to the fatty acid-tetradecane mixtures 

* The dotriacontane was generously supplied by Dr. B. J. Mair of the National 
Bureau of Standards, U. S. Department of Commerce, Washington, D. C. 
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without appreciable effect. In the case of myristic acid (experiment 100, 
figure 6) the addition of dotriacontane displaced the F~A curve to larger 
areas, but the curve was parallel to that without dotriacontane. Ex- 
amination of the film showed that it was solid, hence it was feared that some 



It It 14 It M M «0 

AREA PER MOLECULE Au' 


Fig. 3. Stearic acid-tetradecane mixtures 



SXPBRIMBNT 

NO 

MOLE RATIO 

TBMPBRATURB 

IN*C. 

^T IN MINUTBS 

Stearic acid 

Tetradecane 

o 

91 

1 

0 

22.0 

2 

• 

85 

1 

10 

20.6 

2 

e 

88 

1 

50.6 

22 0 

2 

9 

89 

1 

50 5 

22.0 

4 . 


Areas per molecule have been calculated on the assumption that all the fatty 
acid is at the waiter surface. The experimental points are shown for a single experi- 
ment, although check determinations verify the position of the curve drawn. The 
concentrations with tetradecane are given in mole ratios; those with Nujol in com- 
position by weight, for lack of data on the molecular weight of Nujol. 

me chanical resistance due to the solidity might have produced the shift 
to larger areas. To restore the film to a liquid condition the tetradecane 
content of the solution was increased, when the curve of experiment 101 
(figure 6) was obtained. The large amoimt of tetradecane has the effect 
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of increasing the areas greatly at low pressures, but as the film is com- 
pressed, the curve approaches that of myristio acid and collapses at nearly 
the same pressure. It is worthy of note that upon slow compressions of 
this character (time intervals 4 minutes) the myristic acid films collapsed 
at pressures but slightly above the kink point in the curve. This is quite 
different from the second curved portion above the kink in the F-A curve 



Fio. 4. Mixed films containing pentadecylic acid 



XXPBRXMBNT 

NO. 

COICPOSZTION 

TBI4PSRATUBS 

IN*C. 

AT IN 
MXNurni 

o 

116 

Pentadecylic acid 

22.1 

4 

# 

97 

1 mole pentadecylic acid and 
16 moles tetradecane 

22.8 

4 

a 

117 

0.77 g. pentadecylic acid and 
1.0 g. Nujol 

22.1 

4 

Q 

111 

0.68 g. pentadecylic acid and 
1,00 g. Nujol 

24.4 

4 


obtained by Adam (1). The pressures at the kink point are approxi- 
mately the same as those given by Adam, but the areas throughout are 
somewhat smaller. We have attributed this to the high purity of our 
materials, inasmuch as a small amoimt of short-chain impurity would 
influence the areas more than the collapse pressures. 

In view of these results with tetradecane and dotriacontane it was felt 
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that a more non-volatile liquid hydrocarbon would be preferable, as the 
error due to evaporation would be thereby lessened. The commercial 
hydrocarbon Nujol (Standard Oil Company of New Jersey) was selected 
for its purity, non-volatility, and low cost. In working with Nujol, it was 
possible to place large pans of the hydrocarbon below the film balance, 
in the interior of the box, through which a stream of nitrogen gas bubbled 
slowly, to saturate the air with Nujol vapor. 



Fiq. 5. Mixed films containing myristic acid 



BXPBBXMllNT 

NO. 

COMPOamON— MOLB RATIO 

TBMPBBATURB 

IN*C. 

ATm 

MZNOTIB 

Myristio acid 

1 Tetradecane 

Dotriacontane 

o 

98 

1 


0 

22.3 

4 

• 

99 

1 

12.46 

0 

22.4 

4 

© 

100 

1 

12.46 

1.10 

22.6 

4 


101 

1 

76.21 

1.10 

22.6 

4 


IV. FORCE~AREA RELATIONSHIPS OP FILMS OF FATTY ACIDS MIXED WITH 

NUJOL 

Quite contrary to the case of tetradecane, the addition of Nujol to 
fatty acids produced great changes in the force-area curves of expanded 
films. In the case of stearic acid, a liquid condensed film, the addition of 
Nujol changed slightly the slope of the compression curve of stearic acid 
and facilitated collapse at a lower pressure (experiment 110, figure 6), 
but the areas at zero compression were the same as stearic acid alone, within 
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experimental error. It is quite possible that larger amounts of Nujol 
would effect a change in the F-A curve, and this will be investigated. 

In the case of myristic, pentadecylic, and oleic acids, the addition of 
Nujol produced marked effects on the F-A curve. Upon the addition of 
1.67 g. of Nujol to 1.0 g. of myristic acid (experiment 106, figure 7), the 
character of the F-A curve is changed, giving larger areas at lower pres- 



>• 70 74 M 32 3f 40 

*R£A PER MOLECULE AU' 


Fig. 6 . Mixed films containing stearic acid 


j 

BXPaBlMXNT 

NO. 

COMPOSITION 

TBMPBRATURB 

IN*C. 

AT IN MINUTBS 

o 

91 

Stearic acid 

22.0 

2 

• 

93 

1 mole stearic acid, 0.95 mole 
dotriacontane, and 0.95 mole 
tetradecane 

21 7 

2 

o 

110 

1 g. stearic acid and 1.61 g. 
Nujol 

23.5 

4 


sures, the curve approaching that of myristic acid alone at high pressures. 
No kink appears in the curve, and the area at zero compression is nearly 
10 A. U.* larger. The collapse point is the same as for myristic acid alone. 

Upon the addition of Nujol to give 9.08 g. of Nujol per gram of myristic 
add, the curve cuts across the myristic acid curve at 13 dynes, exhibits no 
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kink, and continues without appreciable change in slope down to very 
small areas. The area at zero compression is again some 10 A.U.^ larger. 
With a concentration of 49.8 g. of Nujol per gram of myristic acid, and in 
addition 31.5 g. of tetradecane, the film exliibits even less adhesion to the 
water surface. The area at zero compression is some 8 A.U.^ more than 
that of myristic acid alone. No kink point in the curve was observed, and 
upon compression to very small areas small lenses were visible to the eye. 



Fig. 7. Mixed films containing myristic acid and Nujol 



BXPBBIMIINT 

NO. 

COMPOSITION IN GRAMS 

TBMPBRATURB 

IN*C. 

AT IN 
MINUTBS 

Myristic acid 

Tetradecane 

Nujol 

o 


1 



22 8 

4 

• 


1 

31.5 

49 8 

21.8 

4 

e 


1 


9 08 

22 4 

4 

Q 


1 

0 

1 67 

22 9 

4 


This was the only film on w^hich lenses visible to the eye were noticed. It 
is quite possible that microscopic lenses may be present; the films are 
being reexamined by optical methods to determine if the upper surface is 
heterogeneous. It is to be understood that these films exhibit slight con- 
tractions all along the curve, and that the ^^4-minute” points do not 
necessarily represent equilibrium areas at that particular pressure. Other 
time intervals may very well give rise to other curves, indicating again the 
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great need for extended work on the character of a force-area curve as 
influenced by the rate of compression. 

Experiments 111 and 117 (figure 4) illustrate a most interesting effect 
of the addition of Nujol to pentadecylic acid. The curves are very amilar 
in shape to that given by pentadecylic acid alone; in fact, are quite parallel 
throughout the expanded range. The area at zero compression is some 
9 A.U.* larger when 1.0 g. of Nujol per 0.77 g. of pentadecylic acid is pres- 



Fio. 8. Pentadecylic acid films 



aXPBBlMINT 

NO. 

COMPOSITION 

TBMPBaATUBB 
IN *0. 

arxN 

MINUTBS 

o 

121 

Pentadecylic acid 

20.5 

4 

• 

120 

0.77 g. pentadecylic acid and 
1.00 g, Nujol 

20.5 

4 


ent. The kink occurs at nearly the same area, but some 6 dynes higher, 
at the same temperature. Beyond the kink a most interesting very flat 
portion appears which extends to a region around 21 A.U.*, where the curve 
meets that of pentadecylic acid and again rises, but with less slope. The 
presence of the Nujol appears to facilitate collapse at a lower pressure. 
The flat portion of the curve suggested some sort of phase transition, and 
an examination of the contact potentials (4) of pentadecylic acid films 
with and without Nujol was undertaken to determine if any change 
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occurred in the HV-A curves at this point. The results were most inter- 
esting, although they are to be considered as a very preliminary investiga- 
tion of the contact potentials of the films (figure 8). The AF-A curve 
of the mixed film consists mainly of two straight lines which intersect at 
exactly the same area as the kink in the F-A curve. A very cursory 
examination of a pentadecylic acid film at the same temperature showed 
a similar break in the AF-A curve at the same point, although the kink 



in the F-A curve came at an area some 2 A.U.^ smaller. In view of the 
lack of sufficient data at this time, it appears hardly worth while to 
speculate on the nature of this interesting relationship. 

In the case of oleic acid (figure 9) the addition of Nujol caused a marked 
change in the film. The F-A curve crossed that of oleic acid at about 14 
dynes, and extrapolated to an area at zero compression of about 70 A.U.^ 
as compared to 64 A.U.* for the acid alone. Collapse set in much sooner 
when Nujol was present. 
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V. GENERAL DISCUSSION 

The work reported here was done as a preliminary survey of the field. 
For this reason it is not possible to formulate any exact explanation of the 
effects observed. A few points, however, seem quite definite at this time. 
The marked difference between the effect of the addition of Nujol "and 
that of tetradecane seems to indicate that almost all of the tetradecanc 
evaporates from the surface, thus making it imsuited for an investigation 
of this character. The addition of sohd hydrocarbons, such as dotriacon- 
tane or paraffin, on the other hand, may lead to anomalous results, hence 
it is advisable to select liquid hydrocarbons of a high degree of non-vol- 
atility. 

The Nujol appears to affect most markedly the expanded portion of the 
F-A curve. It is reasonable to suppose that in this region some of the 
hydrocarbon gets down to the water surface, increasing the area per mole- 
cule of fatty acid. As pressure is applied, the hydrocarbon is probably 
squeezed up to the top of the film, where it may or may not exert a further 
influence upon the film, depending upon the quantity of hydrocarbon 
present. If sufficient hydrocarbon is present, a second phase may be 
formed, which the fatty acid molecules may enter with ease, and the 
collapse point of the film is correspondingly lower. If but a small amount 
of hydrocarbon is present, it is quite reasonable to suppose that it will 
have but a slight influence on the collapse pressure. This analysis raises 
the question: When is the mixed film no longer to be considered as a film 
but as a second phase with polar material at the oil-water interface? 
Only further work can give a suitable answer to this question. 

The lack of any effect of Nujol upon the lower region of the stearic acid 
curve is quite striking. It may be tentatively ascribed to the rather low 
concentration of Nujol present. 

The absence of lenses visible to the eye on all but one of the films seems 
to indicate at least a temporary stability of a thick film of a hydrocarbon 
oil with polar material at the oil-water interface. Thick fihns of polar 
material alone have been shown to be very unstable, if sufficient area is 
present for a monomolecular film to be formed. There is, however, the 
distinct possibility that thick films such as those studied here may be 
quite stable. In any case, it seems evident that a further study of these 
polymolecular films promises results of the greatest interest, both theo- 
retically and from the practical viewpoint. 

The presence of the hydrocarbon may facilitate phase changes in the 
film, merely by its action as a diluent. The results obtained with penta- 
decylic acid seem to indicate such an effect. It is more than likely that 
many obscure pwints regarding orientation in a monomolecular film may be 
clarified by aiding reorientation with the addition of a diluent. 
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VI. SUMMARY 

A preliminary survey of films composed of fatty acids and tctradecane 
or Nujol has been made. The films containing Nujol exhibit many in- 
teresting characteristics, justifying further examination of films with two 
or more components. 
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The high-speed motion picture camera with a stroboscopic source of 
light, as developed in the past years at the Massachusetts Institute of 
Technology (H. E. E.), has permitted the demonstration of many phe- 
nomena which so far have escaped direct observation. To test the opinion 
expressed by one of us (E. A. H.) that this technique might materially 
assist in obtaining a better insight into the actual mechanism of various 
physicochemical or colloid-chemical problems, two methods commonly used 
for the determination of surface tension of liquids — the so-called drop- 
weight and ring methods — ^were selected in a first attempt to apply the 
high-speed motion picture camera technique to such studies. 

The large number of methods available for the measurement of surface 
tension, divisible into static and dynamic ones, is a consequence of the 
fact pointed out by Freundlich (8), that surface tension essentially deter- 
mines the shape of the liquid in rest or in motion. The static methods are 
the following: (1) the direct measurement of curvature of the liquid surface; 
(2) the method of flat drops and bubbles on surfaces; (3) the capillary-rise 
method; (4) the method of adhesion plates and rings; (5) the determina- 
tion of drop weights or volume and gas-bubble pressure. The dynamic 
methods are as follows: (1) the method of oscillating jets; (2) the method 
of vibrating drops; (3) the measurement of ripple waves. Many other 
methods of minor importance have been proposed. 

Worthington (27) in 1881 was one of the first workers to utilize the first- 
mentioned static method. He projected the form of hanging drops of 
water upon a screen. By suitable measurements of the radii of curvature 
and the volume of the drop he was able to calculate the surface tension, 
for which he obtained a value of 73 dynes per centimeter. Later in 1912 
Ferguson (6) amplified this work by photographing the drop. He ob- 
tained a value of 73.4 dynes per centimeter at 11®C. The most complete 
work on the forms assumed by drops of liquids hanging from a plane surface 

1 Presented before the Thirteenth Colloid S 3 anpo 8 ium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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and by drops resting on a plane surface which the liquid does not wet, has 
been carried out by Bashforth and Adams (2). 

The capillary-rise method has the simplest mathematical derivation 
and therefore probably has given the most accurate results. The theory 
in its simplest form assumes only that the liquid wets the tube perfectly, 
i.e., has a contact angle of zero, an assumption which seems to be justified 
for water and most of the common organic liquids against glass. The 
experimental difficulties, however, are large, for it is by no means easy to 
obtain truly uniform tubes, and to keep them absolutely clean. It is fur- 
thermore difficult to measure the height accurately. The method, there- 
fore, is not suitable for rapid or routine work. Modifications of this 
method have been used by Ferguson (7), Kiplinger (14), and Jaeger (13). 

The method of adhesion plates and rings has been used with many 
variations. The force necessary to draw a horizontal plate, a vertical 
plate, or a horizontal bar from a liquid surface furnishes the basis for 
several methods. The two most commonly used instruments are the 
du Notiy tensiometer (5) and the torsion balance developed by Lenard, 
Dallwitz-Wegener, and Zachminn (16). 

A rough approximation for the surface tension by the du Noiiy method 
can be made as follows: the force necessary to break the ring away from 
the surface is equal to the surface tension of the liquid multiplied by twice 
the length of the loop, since two films of water are broken away, one on 
each side of the ring, or, in another form, 

P 

where P is the breaking force on the ring in dynes and r is the radius of the 
ring in centimeters. This is at best only an approximation. For this 
equation to hold, the two surfaces on each side of the wire must be vertical 
at the point of breaking, the ring must be truly horizontal, and the column 
of liquid held up directly under the wire must be negligible. The mean 
radii of the two surfaces would have to be the same as the mean radius 
of the loop. For large loops, several centimeters in diameter, made from 
wire of very small cross section, these conditions are approached quite 
closely. However, for small loops, such as used in the du Noiiy instru- 
ment, none of these conditions is perfectly realized. The surfaces are 
probably never perpendicular, and a fair quantity of liquid is actually 
supported under the wire itself. Dorsey (4) has given an excellent dis- 
cussion of this method and its faults. 

Tichanowsky (26), Cantor (3), and Lenard (17) have developed better 
equations for this case, but they still may give results several per cent in 
error. Harkins, Young, and Cheng (11) have attempted a standardization 
of this method by comparing the values obtained in using rings of different 
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sizes with numerous liquids whose surface tension was accurately known. 
Their equation is: 



where F is a correction factor, which they discovered depended only on R, 
the radius of the ring, and r, the radius of the wire itself. They claim an 
accuracy of =h 1 per cent, and give tables of F for various values of R/r, 

The du Nouy tensiometer is very rapid and easy to use, and the results 
are easily reproducible. It has proved of outstanding value in recording 
the change of surface tension in a liquid where adsorption is taking place 
in the surface (solutions of capillary-active substances). 

The drop-weight method is also a very common method for the deter- 
mination of surface tension. It consists in weighing drops falling from the 
end of a vertical tube. Although the mathematical theory has not been 
completely worked out, the method has been widely used because of its 
simplicity and rapidity. 

The actual mechanism of fall is very complex, as will be demonstrated. 
Briefly, the drop grows larger and longer on the end of the dropping tip; 
then instability sets in, and a large part of the drop breaks off, leaving a 
narrow stem attached to the remainder of the drop. At the moment when 
the drop actually breaks off, it is nearly spherical. The narrow neck then 
breaks off from the main body of the liquid, and spontaneously constricts 
at one or more points, as revealed by the high-speed motion picture, 
followed by the formation of one or more droplets. A single secondary 
drop has been observed by early workers. 

Guthrie (9) in 1863 observed the influence on the size of his drop of rate 
of fall, temperature, composition of the drop, and the sphere from which 
he caused all his drops to fall. He observed the formation of a secondary 
drop which “apparently^' was projected up from the upper surface of the 
drop. Tate (25) in 1864 postulated that “other things being equal, the 
weight of a drop of liquid is proportional to the diameter of the tube from 
which it is formed," without himself actually going so far as to state that 
the weight of a drop falling from a tip is equal to the “circumference of the 
tip X surface tension," or ti; = 2 wry, which today quite commonly is 
called Tate's law. It assumes that the entire drop falls off from the tip, 
while actually only about 60 per cent of it does. Worthington (27) also 
observed a secondary drop, and concluded quite correctly that “the sec- 
ondary drop is due to the spontaneous segmentation of the cylindrical neck 
of liquid, which joins the upper and lower portion up to the last moment 
before complete separation takes place, and that it is the same phenomenon 
that was first observed by Plateau (22) in his experiments on mercury." 
Guye and Perrot (10) in a comprehensive experimental treatise studied the 
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i^pes of dynamic drops. It should be noted that part of this work was 
done with a motion picture camera taking sixteen pictures per second. 
They, too, observed the formation of a secondary drop. However, they 
were of the opinion that the second drop forms from the stem immediately 
when the first drop falls, and also that just prior to the falling off of the 
main drop there is a visible oscillation of the surface of the drop. Morgan 
(21) and his coworkers found “that under certain definite conditions the 
drop weights of liquids dropping from any one tip are proportional to their 
surface tensions at the same temperature.” The mathematical theory 
involves, as Adam (1) points out, two points: the size of the drop at the 
point where instability sets in, and the fraction of the drop which falls. 
The mathematical theory has been incompletely worked out, but Lohn- 
stein’s (20) work is the most thorough. He predicted that the fraction 
which breaks off is a function of r/a, where r is the radius of the tip, and 
a is the square root of the capillary constant. Harkins (12) found, as 
Lohnstein predicted, that the weight of the drop which falls is proportional 
to r/a and also to another dimensionless ratio r/P/’, where V is the volume 
of the drop which falls. He verified this assumption for three different 
organic liquids and for water. Harkins and others have pointed out the 
necessity of using a very accurately formed tip, — one that is truly flat 
and circular and with truly sharp edges. A common form is the Traube 
stalagmcmieter, which was used in this work. According to Traube’s 
method the number of drops of water falling in a given volume is counted, 
and then for an unknown liquid the number of drops is counted which fall 
from the same volume. The surface tensions are presumed to be given in 
this ratio: 


7A _ NbPx 

7B NjjyB 

where N is the number of drops and p is the density of the liquid. It is a 
rough approximation only. 

Adam (1) has shown that the assumption that the correction factor de- 
pends only on r/a and r/F*^ is equivalent to assuming that the fraction 
of drops of similar shapes which breaks away is the same for all liquids. 
Adam further notes that if “the verification of this for four different 
liquid-air interfaces is thought an insufiSicient basis for measuring the sur- 
face tension of an unknown liquid, it may be possible to make a direct 
photographic test, whether the fraction breaking away is normal for that 
liquid. It seems unlikely that any error can arise except in case of liquids 
of high viscosity.” 

The method of vibrating jets has been developed by Rayleigh (23) and 
by Bohr (24). If a liquid is forced through an elliptical or triangular 
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opening, it will tend to assume a spherical cross section and will thus 
vibrate about a spherical cross section as its form of equilibrium. 

The other method which is of interest in this work is the measurement 
of oscillating drops. Rayleigh (23) developed by dimensional reasoning 
an equation for the time of iniSnitely small vibrations of an elliptical drop 
about its equilibrium shape, a sphere. 

where P = weight of a drop in grams, t = oscillations per second, and 
y = dynes per centimeter. For observing this phenomenon, Rayleigh 
used an oscillating spark which cast the shadow of the drops on an opaque 
screen, and by varying the length of the time between the drop fall and the 
spark flash, he was able to record the successive shapes of the drops. 
Neither Rayleigh nor Lenard (18) was able to observe the successive 
changes in shape of a single drop for the duration of its fall. The suc- 
cessive changes in shape observed by them correspond to a series of drops. 
They observed the successive shapes of different drops at progressive time 
intervals. Lenard continued this work, timing the fall of the drops so that 
a falling drop itself interrupted the current and caused the spark to illu- 
minate the next falling drop. When photographic pictures were taken 
the shortest interval between two pictures was 0.01 second. 

Kutter (16) measured drop oscillations by still another method. He 
found that the depth to which a drop falls under the surface of another 
liquid of equal density does not proportionately increase with the height 
of fall, but exliibits a periodic function of the falling time. The drops 
which strike the surface with their long axes parallel to the water do not 
sink to as great a depth as drops which strike the surface with their long 
axes vertical to the surface. Out of the falling time and the maximum 
depth reached by any one drop the period of oscillation was calculated. 
The surface tension was calculated by the Rayleigh formula. His experi- 
ments gave an average of 7378 mg. per millimeter at 18®C., which in the 
conventional units is 72,4 dynes per centimeter. His experiments showed 
that the oscillation is not uniform but that there is a decided difference 
between the stages maximum-minimum and minimum-maximum, which 
proves that the main oscillation is partly blurred by secondary oscilla- 
tions. Lenard undoubtedly encountered his main difficulties here, since 
he was able to measure only one oscillation. 

The experimental part of this research consisted of taking high-speed 
motion pictures of the drop-weight and ring methods of surface-tension 
measurements. 

A series of pictures using distilled water at different times of drop 
formation, pictures of nitrobenzene, benzene, glycerol, and of solutions 
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containing capillary^-active substances, as iof exami^ triethanolamine 
oleate, were takeo. Pictures of riie ring method were taken using water, 
g^cerol, and water containing small amounts of triethanolamine cdeate. 
The series referring to the drop-wrii^t method was run at a speed of 1200 
exposures per second; those r^erring to the ring method at 600 e:q)08ure8 
per second. 

The electrical and photographic apparatus that was used in this in- 
vestigation may be briefly described as follows: Since the exact moment 
at which a drop will break off is rather uncertain, it was necessary to 
operate the camera for as long a time interval as possible. This was 
accomplished by mounting a camera of the continuously-moving-film type 
on its side in order that a long, narrow picture could be taken. In this 
manner severed exposures (four or five) could be taken on a single 35-nun. 
frame, thus materially increasing the duration of elapsed time covered by 
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Fia. 1. Schematic diagram of high-speed camera set-up 

one film. In order to obtain a satisfactory slow-motion picture of the 
breaking-off process, the pictures were taken at the rate of 1200 per second, 
this frequency being secured from a commutator driven by a synchronous 
motor. The film strips bearing the important exposures were then repho- 
tographed in consecutive order in the normal vertical position on a standard 
rised 35-mm. film. From this positive prints were transferred and edited 
on 16-inm. film. 

The ]^ctiu%s of the drops are taken by transmitted light as silhouettes 
which give the outline of the liquid. A spark in air between brass elec- 
trodes spaced about one-eighth of an inch apart was used as a point source 
of stroboBCOinc light for exporing the photographs. The light was col- 
lected by a double-element condenser (10 in. diameter, 10 in. focal length) 
and directed into the lens of the camera. The object being photographed 
was located between the condenser and the lens. 
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Control of the starting of the spark was accomplished by using a pool- 
type, mercury-arc control tube® in series with the spark gap and the dis- 
charge condenser, as shown in figure 1. Between flashes the mercury tube 
is non-conducting and the 2-microfarad condenser is charged to about 
1000 volts from the power supply through the 400-ohm resistor. An im- 
pulse of voltage (about 30,000 volts) on the external starting band of the 
mercury tube causes a spot to be formed on the cathode and allows the 
2-microfarad condenser to discharge violently into the spark gap. The 
mercury tube, besides acting as a switch for turning on the circuit, acts as 
a rectifier and prevents oscillation of the current through the gap. The 
impulses of voltage were produced by a thyratron impulse amplifier such 
as is described in the previously mentioned article. 

Special precautions were taken to insure the existence of a saturated 
atmosphere about the drops, particularly in the cases where the drops were 



NUMBER OFRCTURES 

Fig, 2a. Oscillation of benzene drop. 960 pictures per second. Diameter of 
drop = 0.458 cm. height; O, width. 

suspended for any length of time, in order to avoid evaporation. The 
apparatus was firmly insulated against vibration. Needless to say, special 
precautions were taken to have all parts of the instruments scrupulously 
clean. 

The mechanism of the formation of a drop falling off a tip can be de- 
scribed as follows: The drop grows longer and larger on the end of the tip. 
Instability sets in and a neck forms between the part of the drop remaining 
on the tip and the part that eventually falls off. This neck grows longer 
and narrower until the drop finally separates. At this point the drop is 
slightly ellipsoidal with the long axis vertical. The neck of liquid connect- 
ing the two parts of the drop narrows down to a point at the point of 

* Such as is described in Electrical Engineering, February, 1935, p. 149. 
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separation (figure 3). The main drop then separates and, owing to the 
slight tension caused by attachment to the stem, it flattens out somewhat 
immediately after separation takes place. The main oscillation is marred 
slightly by secondary oscillations set up at the same time, so that the drop 
assumes somewhat irregular shapes, though the main effect is a single 
oscillation about its form of equilibrium, a sphere. A graph showing the 
variation of the width and length of the drop as it falls is shown in figure 2. 
The effect of the secondary oscillations can be seen clearly. 

The neck of remaining liquid s^ments at first into a series of nearly 
equal-sized nodes as shown in figure 4. In all cases observed, the stem of 
water coalesces rapidly into one drop. Sometimes, however, a third drop 
is projected bodily from the secondary drop with considerable force, in 
some instances even rising as high as the part of the drop remaining on the 



Fig. 2b. Oscillation of water drop, with surface-active substance added. 960 
pictures per second. Diameter of drop = 0.476 cm. •, height; O, width. 

tip, as shown in figure 5. In the case of benzene, owing to the long stem 
formed, the node formation is exceptionally well pronounced, and the 
nodes finally break up into one to five drops which follow the main drop 
(figure 6). The nitrobenzene stem, which is somewhat shorter than the 
benzene stem, breaks up into three drops (figure 7). These drops fall 
together a short time after forming and then, contrary to what one might 
expect, spring apart and continue to fall as three separate drops. This 
phenomenon might be explained by assuming that electric charges are set 
up on the surfaces of each droplet which would cause the droplets to be 
repelled when conoing in close contact. Reference should be made here to 
the work of Lenard (19) on the electric charges of falling drops of water. 

A further suggestion of the presence of electric charges on the surface 
of the small drops (water) is observed from one of the motion pictures. 
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Tht‘ third drop, which is a very tiny one, is projected upward with sii(‘h 
violence that it biim])s into the residual drop nMnaiiiing on the tip and very 
noti(‘eably bounces t)ack off the surface of the residual drop without join- 
ing it. This same effect may be noticed with secondary drops of boiizeiK', 
for it can very easily be seen from the motion picture that th(* oscillation 
of the third and fourth droplets is greatly influenced by the prescTice of the 
other drops (figure 6). The third and fourth drops flatten out a great 
deal more than the others, and while one miglit expect that the drojis 
would coalesce, they remain definitely apart for tluMr entire p(Mio<l of fall. 

In the case of water, the third drop is pinched off from th(' surface' of 
the second droj) at the moment when the column of liquid has coah'seed 
into one drop. One can obscTve the small drop standing partly out of the* 
surface, having never been quite absorbed by the larger one (figure 5). 
It is this tiny sphere which is ])rojected upward with violen(*(‘, ])r()l)ably 
owing to the surface t(‘nsion forces operating on th(‘ large' dre)p and e*ausing 
oscillation. The tiny sphere befern' mentioned is ne)t always pre)je'ct('d u]) 
from the surface, but epiite frequently jeans the larger drop ])e'rmane‘ntly 
(figure 8). 

The sejconelary drop in most cases vibrales very \'ie)le‘ntly anel at first 
se)mewhat irregularly. 

In the case of glycere)!, which is a highly vist*ous liejuiel, tlie' lU'ck fenins 
as above, but reanains attached te) (he main dre)p fe)r a mue*h greaiteT leaigtli 
e)f time, forming at the point of breaking a veay fine' thread, seve'ral time's 
as long as the diameter of the drop (figure 9). Inste'ael e)f .M'gnu'nting a^^ 
the other liquids de), the thread assumi's a dumb-})e'll shape' wWh the' elre>ps 
on each end gre)wing larger anel approaching e'ae'h e)ther vt'ry rajaelly, until 
one drop is formed (figure' 10). Tlie dre)p at the' le)we'r eaul falls \'e'ry sle)wly 
in comparison to the rate at wliie*h the one at the' upper eaiel ap[)re)ae*he'.s 
the lower one, owing to surface'-te*nsion fore'e's acting with gravity eai the* 
uppe'r end of the* dumb-be*ll be'ing feaane'el and e)pj)osing gravity e)n the* le)we*r 
end. 

From the re^sults of drop calculations and measure'inents, the elre)))s we're 
arranged in order e)f the size e)f the main elre)p. While* the* cen'relatie)n wtis 
not absolutely perfect, it can bo gene'rally saiel that the* dre)ps in all e*ases 
e)bserved decrease in size with ineTejise in the time e)f elrop femnatieni, 
be'ing largest when the drop is fornie*el faste'st. 

The stem length is the length of the eylindrical ste'in e*e)nne*cting the t wo 
parts of the original drop at the time* whe*n the' stem se'paratc^s from the* 
re^sielual part e)f the drop. This length is easily measureel and correlation 
is perfect. Benzene, forming rapidly, has the* longest stem le'ugth, Nitre>* 
l)enzene comes next, followed by the rapidly falling wate^r with the surfac'e*- 
active substance added. Pure water, which fe)rms rapidly, is still short e'r, 
and following it, the stem length decreases in general with increase in time 
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of fonnation. The surface-active solutions show a marked progressive 
decrease in the stem length. 

Of interest here is the fact that while the surface tension of the solutions 
of water containing capillary-active substances was considerably less than 
that of pure water, the stem lengths were the shortest observed, whereas 
in the case of pure liquids of low surface tension the stem lengths increased 
with decreasing surface tension. 

Although considerably more experimental work will have to be done to 
be in a position to offer a satisfactory explanation for this discrepancy in 
the discovered correlation of stem lengths to surface tension, the following 
preliminary explanation might be considered. Whereas in a true liquid 
the molecular composition of the surface layer is the same as the interior 
of the liquid, in the case of liquids containing capillary-active substances 
there is a definite concentration and orientation of the molecules of said 
substance in the surface. This orientation undoubtedly has some bearing 
on the elastic properties of the surface layer, making it less elastic and 
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Water 

20 
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72.75 

Glycerol 

30 
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63.0 (20°C.) 

Nitrobenzene 

20 

2 013 

43.9 

Benzene 

20 

0 647 

28.88 


offering a greater resistance to distortion. Therefore, it may be assumed 
that the stem breaks off more rapidly than is the case with true liquids, 
where free movement of the molecules should permit further elongation. 

We have calculated the volumes of the secondary drops and expressed 
them in per cents of the volumes of the large drops. For water, the 
volumes of the secondary drops average 3.12 per cent of the main-drop 
volumes. The volume of the secondary drop formed from the dumb-bell- 
shaped stem of glycerol is 5.92 per cent of the main-drop volume. The 
volume of the secondary drop of nitrobenzene is about 8.45 per cent of the 
main-drop volume, and the volume of the secondary drops of benzene 
averages 12.5 per cent of the main-drop volume. 

Here again water containing capillary-active substances shows a dis- 
crepancy, since the rapidly forming drop gives a slightly higher volume 
percentage for the secondary drop than does pure water, the more slowly 
formed ones a smaller volume. This phenomenon stands in perfect 
accord, however, with the stem length discussed above. 

The results of the four cases so far observed seem to demonstrate that 
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Uie per oeat drop volume the seeondaiy droplet; of pure liquids inoreases 
with decreasing surface tension. It furthermore shows that the viscosity 
the liquid under consideration seems to have no influence on this ^eet 
(see table 1). 

CALCUlAnONB OF BXmFaOBi TSNBION FIUIM BBCONOiLBT'DBOF OBCILLATIONS 

This method permits, for the first time, the measurement of surface- 
tension values by observing the frequency of oscillation of one single 
drop durmg its entire fall. Furthermore, it permits the measurements 
of surface tension by observing the oscillation frequency of secondary 
droplets formed. The frequency of these latter observations is decidedly 
hi(^« than the one with the primary drop. The results obtained with 
pure liquids gave satisfactory values. 

The method furnishes, furthermore, a new tool for the determination of 
adsorption effects on very recently formed surfaces, which is of outstanding 
importance in connection with the study of solutions containing capillary- 
active substances. These observations seem to show that a considerable 
time is necessary to obtain equilibrium. At least in the majority of cases 
some adsorption has taken place on the drop surface immediately after 
forming — the drop oscillation having been measured less than one-tenth 
of a second after the surface had been freshly formed — ^but a considerable 
time has to elapse before perfect equilibrium is obtained. 

The ring method 

A series of high-speed motion pictures of the ring method were taken at 
a speed of 600 exposures per second, using distilled water, water to which a 
capillary-active substance had been added (triethanolamine oleate), and 
glycerol. The method as revealed by the motion picture camera can be 
described as follows. 

The ring as it is raised pulls up with it a considerable volume of water. 
At the pmnt of maximum tension the surface of the liquid on the inside of 
the ring is slightly concave, with the surface at the edge of the ring rather 
sharply bending up to the ring. In no case are the sides truly perpendic- 
ular, which theoretically would be necessary for the measurement of the 
true value of the surface tension (figure 11). As the ring is pulled further, 
the surface of the mmn body of the liquid starts to become more concave, 
showing an approximate hyperbolic curve; at the same time the surface 
between the ring drops down considerably as can be seen by the light 
reflection in figure 12. As the ring is raised further, a conical film of 
liquid forms below the ring holding up the remainder of the liquid above the 
surface. This inverted cone tiien tends to assume its equilibrium shape, a 
horizontal film, and in doing so imparts to the remainder the liquid 
above the surface oi the water a vertical force which causes this coltunn of 
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wiitcT actually to shoot above the lev('l of th(‘ ring (figure 13 ). The force 
which causes the column of liquid to l)e forced up above the level of the* 
ring is suffici(‘nt to ])roject upwards stweral small dro))lets in the case of 
wat('r- which rise m'arly to the height of th(‘ bar which raises the ring. 


Fig. 11. Triethanolamine oleate 
Fig. 12. Water 
Fig. 13. Water 
Fig. 14. Water 

Fig 15. Triethanolamine ol(*ate 
Fig 10. Glycerol 
Fig. 17. GIvcerol 


This column in the case of pure water and of water containing a surface- 
activ(‘ substanc(‘ then falls back and bn'aks away from th(' film of liipiid 
left on th(* ring, finally collapsing into the main body of the liipiid. The 
laiiK'lla of water remaining on the ring oscillates rapidly up and down until 
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the bar to which the ring is attached comes to a sto}). TliOn th(‘ film shoots 
up and forms a short column of liquid, which breaks up into several drops 
as shown in figun' 14. This film oscillation can be better observed in 
figure 15, whi(*h shows water (*ontaining 0.01 per cent of triethanolamine 
oleate. For water 66.3 oscillations per second were observed, while th(' 
pictures taken with the above-mentioned solution showed 49 and 50 oscilla- 
tions per second. The frequency was constant over the entin* period which 
was observed. 

If one assumes that the restoring force on the oscillating film is due 
solely to the magnitude of the surface tension on the film - a good assumj)- 
tion, if the film is very thin and if the viscosity is not great- and also 
assumes that the mass of the liquid forming the films is tlui sanu', then by 
simple proportion, the surface tension of the film can be calculated. 
Using the correct value for water of 72.8 dynes per centimeter, th(‘ surface' 
tension of the surface-active film would b(' 

50 

7 = 72.8 X - 54.8 
o().3 

which has bf»en ascertained to Ih' the correct value' fen- this lie|uiel. So far 
as ('ould b(' ascertaineel the oscillation of a thin film of liquid has nevc'r 
before been ol)serveel, nor \\<( h { as a me'tlioel e)f surfae-e'-te'usion de'tc'r- 
mination. 

Glye'erol showed anoth(*r inteTesting plu'nome'uon. The initial stage's 
of the' breaking away WT're the same as with vvate'r, but a thin thivad tonus 
very rapidly, e*oimecting the film left on the ring and the* surface' e)f the' 
glycerol. As bed’ore, the* film on the ring imparted a fore-e on the* thn'ad 
of liquid whie*h caused it to shoot u]) above the leve'l of the ring (pie-ture* 
preceding the first picture on figure 16). The thre'ad sjrang bae-k again, 
but instead of breaking, it again rose very slightly above the* le've'l of the* 
ring. At this point it parted in several places along its le'iigth anel fornu'd 
several tiny drops whie'h fell back into the main ])ody of the* liepiid. Owing 
to till' high viscosity thcTc was no film oscillation to lie obser\-e'<l on the* 
ring (figure 16). 

Another feature of interest is the regular streaks whii'h apjiear on thi' 
conical film of glycerol below the ring befori*. it forms the* thread. This 
seems to show some peculiar orientation of the liquid film und(*r ti'usion. 

One would normally not expect that homogeneous liquids would show 
orientation under any conditions. The orientation of gi'l struct uri's undi'r 
tension has long bei'n observed, and the gels are assumed to have a more 
or less fixed striu'ture which under tension aligns in a di'finiti' orientation. 
These pictures possibly indicate that in the case of viscous liquids there is 
some alignment which results in the appearance' of a stri'aki'd surface' of 
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the film under tension. It is hoped that further observations of this sort 
will throw more light on the structure of liquids (figure 17). 

SUMMARY 

1. As a first attempt to apply the high-speed motion picture camera to 
the study of physicochemical or colloid-chemical problems, its application 
to the study of the mechanism of the drop-weight and ring methods in the 
measurement of surface tension is described. 

2. The successive steps in the formation of drops, as revealed by this 
technique, are enumerated. 

3. The formation of a stem following the main drop has been observed; 
the segmentation of the stem and the formation of one or more secondary 
drops is discussed. 

4. In a pure non-viscous liquid, it has been shown that the size of the 
main drop decreases with increase in time of drop formation. 

5. For pure non-viscous liquids, the length of the stem increases with 
decrease in surface tension of the liquid. The influence of viscous liquids 
on the stem is also referred to. 

6. The size of the secondary drop, figured in per cent of the main drop, 
increases materially with liquids of decreasing surface tension. 

7. For water containing capillary-active substances, the length of the 
stem is shorter than that of the pure water. An explanation for this 
discrepancy is offered. 

8. The measurement of the oscillations of the secondary drops is de- 
scribed as a new means of studying adsorption effects in freshly formed 
surfaces. 

9. The mechanism of the ring method for the determination of surface 
tension is described and demonstrated. 

10. The oscillation of a thin film of liquid is demonstrated, and a possible 
new method for the determination of surface tension using extremely 
thin lamellae of liquid is indicated. 

11. Interesting observations of the influence of viscosity in the mech- 
anism of the ring method are described. 

12. The stroboscopic analysis of the phenomena appearing in connection 
with surface-tension measurements by the drop-fall and the ring method 
show motions of such a high degree of complexity as to suggest that neither 
of these methods is ideal from the standpoint of accurately determining 
surface tension. 

13. To obtain comparable data with solutions of capillary-active sub- 
stances it seems indispensable to indicate the time of drop formation or 
rest period of the liquid surface when determining surface tension with 
the methods discussed. 
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Since the modem developments in the theory of protein structure little 
work has been done on the characterization of the individual proteins of 
nerve and on the significance of the colloidal properties of these proteins in 
determining nerve stmcture and function. The mere classification of the 
various nerve proteins is still in considerable doubt and, with the possible 
exception of the so-called neurokeratin, the localization of these proteins 
in the nerve axon is altogether unknown. Recent experiments on living 
axons by means of polarized light have shown that the proteins of the axon 
sheath are organized in a manner quite different from those in the axis 
cylinder, and there is some evidence that there may be considerable 
difference in the molecular architecture of these various proteins. Ob- 
viously before the ultimate question of the r61e of these protein stmctures 
in nerve function can be answered, these preliminary points must be 
settled. 

The present studies have been designed to aid in the characterization of 
certain of the nerve protein fractions now recognized. Comparison of the 
behavior of films of these proteins with films of various other proteins not 
only yields information of value for an interpretation of nerve structure, 
but furnishes additional facts for which the general theory of protein films 
must account. 


MATEBIALS AND METHODS 

The nerve proteins were prepared from the leg and claw nerves of lob- 
sters, according to the method described by Schmitt and Bear (9, 10). 
The finely cut nerve bits were successively extracted in neutral saline, 
borate buffer of pH 9 and 11, and in N/lOO sodium hydroxide. In the 
fraction previously called neurostromin we now recognize three sub- 
divisions: one coming out in iV/10 sodium hydroxide and exhausted with 
successive changes of alkali, another obtained by relatively brief extraction 
with N/2 sodium hydroxide, and likewise diminishing in quantity in 
repeated extractions, and a third, removed by N/2 alkali only after twelve 

‘ Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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to ei^teen hours of reaction. In N/2 sodium hydroxide the nerve shreds 
eventually swell and soften, so that violent shaking suffices to convert 
previously recognizable shreds into a strongly turbid solution. The main 
bulk of the nerve vanishes at this stage; strong centrifuging yields only a 
very small residue quite different from the original nerve fibers. The 
protein extracted in N/10 sodium hydroxide has a flocculation zone be- 
ginning at pH 5.5 with a maximum around pH 4.5, as determined tur- 
bidimetrically in acetate buffer. The first fraction coming out in N/2 
sodium hydroxide is also precipitated at pH 4.5 by acetic acid. The 
fraction obtained after long standing in N/2 sodium hydroxide is not pre- 
cipitated under the same conditions even with prolonged centrifuging. 
For the present film work only the fractions removed in N/10 sodium 
hydroxide and by brief extraction with N/2 sodium hydroxide were used, 
because of the instability of the fractions obtained with weaker alkalinity. 
Both preparations were purified by thrice repeated precipitation with acetic 
acid at pH 4.5. The precipitates were fairly readily redissolved in Sprensen 
borate buffer of pH 9, yielding stable, slightly opalescent solutions, es- 
pecially if the precaution of washing out the acetate with a little borate 
is observed. The final preparation was analyzed for nitrogen by micro- 
Kjeldahl, the weight of protein being taken as 6.6 times the amount of 
nitrogen. 

The egg albumin used for comparison was recrystallized four times 
according to the method of S0rensen as described by Morrow (8), and 
dialyzed in the cold until barium chloride gave no test for sulfate. The 
protein concentration was determined by drying to constant weight. 

Force-area measurements were made with the Adam modification of 
the Langmuir trough. Surface potentials were measured by a modifica- 
tion of the vibrating condenser method of Yamins and Zisman (11). The 
film was applied by forcing the solution from a microburet, the capillary 
tip of which was held just inside the surface. By a rack and pinion stand 
the tip is pulled up slightly after touching the surface, to minimize the 
possibility of protein going into the bulk of the subsolution. 

OENEBAL CONDITIONS OF FILM SPREADING 

Three considerations arising from the method of preparation of the 
nerve proteins may be of significance with regard to their spreading as 
monomolecular layers. The first is the possibility that nucleic acid from 
the nuclei abundant in nerve sheaths is dissolved in these extractions. 
Levene (7) obtained purine bases from the ammonium chloride extract of 
brain, as well as from a dilute alkali extract. However, Gorter, Ormondt, 
and Meijer (4) have shown- that the addition of nucleic acid to protein 
solutimis has no effect, at least upon area per milligram extn^lated to 
zero prei»ure. 
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The second consideration is the unknown partition of the lipoids be- 
tween the different fractions. Although lobster peripheral nerve contains 
relatively less lipoid than does vertebrate medullated nerve, Schmitt, 
Bear, and Clark (10) obtained x-ray diffraction patterns characteristic of 
lipoids even in nerve protein fibers spun into and extensively extracted 
with alcohol. Apparently the union is very tenacious; just how the 
properties characteristic of large arrays of short amino acid residues are 
modified by hydrocarbon or sterol groups, themselves capable of forming 
films, remains to be determinexl. 

The third consideration is the possibility of progressive hydrolysis and 
dcnaturation of the normal nerve proteins by the strong alkali solutions 
employed. It must be admitted that the extraction agents bring about 
permanent changes; for instance, the JV/10 and first N /2 sodium hydroxide 
fractions after precipitation in acetic acid may be redissolved in weakly 
alkaline buffer solution of pH 9. However, the fact that at each of these 
stages the extractions go to completion rather than progressing steadily, 
seems to indicate that a definite portion of the large structure protein unit 
is being removed in each case, rather than that an indefinite and general- 
ized attack on all the linkages is occurring. 

Of interest in this connection is the fact that upon J\r/300 acetate buffer 
of pH 4.7 the iV/10 sodium hydroxide extract forms elastic patches, whereas 
the N/2 extract gives fluid films. This property is observed by the move- 
ment of talc particles upon the surface under the influence of gentle puffs 
of air from a medicine dropper. The validity of interpreting this as 
indicating a difference in the particle size of the two protein fractions is 
rendered doubtful by the fact that on dilute hydrochloric acid of pH 2.5 
the JV/10 sodium hydroxide extract forms fluid films which become elastic 
at a pressure less than 1 dyne per centimeter. A difference in the con- 
stitution of the two fractions is more probably responsible for this differ- 
ence in adhesion. 


EXPERIMENTAL RESULTS 

After the monomolecular layer of protein has been spread, either by its 
intrinsic spreading tendency or by the admixture of alcohol (3), it can be 
further studied by compression to smaller areas. Films not already 
elastic become so upon compression, and with increasing pressure become 
quite rigid. 

The manner of compression has a marked influence on the ts^ie of curve 
obtained. At each step of compression to smaller areas the pressure rises 
quickly to a maximum, then decreases to a steady value higher than the 
previous equilibrium value. The magnitude of this pressure readjustment 
is shown in figure 1, which presents an experiment in which special care 
was taken to obtain complete equilibration. The small curves extending 
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oat to’ the side oi each eqtiilibration step having time as abscissae give 
the course of this adjustment. The irregularildee imposed upon the 
equilibration curves at hi^ pressures are probably due to the rigidity of 
the film and the difficulty of adjusting the torsion system to an exact 
balance. This experiment ^ows several oth^r features: (1) The approxi- 
matdy linear portion of the equilibrimn force-area curves which, extrap- 
olated to zero pressime, is used as a quantitative measure of spreading 


THCKNfSS IN ANSSTROM UNITS 



Fio. 1. E!gg albumin on N/200 acetate buffer, pH 4.6. Unrestricted spreading 
at 1.6 m.’ per milligram. Ordinates, surface pressure; abscissae, for open circles, 
area per milligram of protein; for small points, time after obtaining initial pressure 
values. The open circles give initial and equilibrium pressure values at each area. 
The small points show the course in time of the corresponding equilibration. Thick- 
ness is calculated from the specific volume (0.75 cc. per (pram) for dissolved protein. 

area, following the convention of Gorter. (2) At low areas the increase of 
pressure with decrease in area is less rapid than in the linear portion of the 
curve. Similar effects have been observed also with casein and myosin. 
This r^on we diall refer to as the plateau. (3) Both initial and equilib- 
rium pressure values undergo a final and rapid rise at very small areas. 
This apparently corresponds to the final close-packed condensed state of 
molect^ with long h 3 rdrocarbon chains, sudi as fatty adds. Other 
eTq;>eriments show rapd increases in the equilibrium pressure at lower areas 
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than those of the plateau. (4) An equilibration takes place in the opposite 
sense on reSxpanding; this must be the reversal of the readjustments made 
in compressing the film. (5) The compression is reversible throughout the 
range of areas down to 0.25 m.^ per milligram, if equilibration is allowed. 
Further compression brings about a complete buckling of the film, properly 
comparable to the collapse of a fatty acid film, and irreversible, as noted 
by Devaux (2). We find, as did he, a tendency for the collapsed film 
to form fibers. These fibers when transferred to a slide and examined with 
polarized light showed birefringence positive with respect to the fiber 
axis. While the stretching necessary in the manipulation may have been 



Fio. 2. Egg albumin on N/300 acetate buffer, pH 4.6. Reatricted spreading at 
0.63 m.* per milligram. Coordinates as before. Initial and equilibrium pressure 
values shown at each area. A to B, compression; B to C to D, expansion; D to E, 
adjust water level; E to F, recompression; F to G to H, reexpansion. 

responsible for a portion of the orientation, the fact is interesting as an 
indication that the protein in the film was in a state of partial degeneration 
or denaturation and capable, by interaction of side chains, of being in- 
tegrated into a fibrous structure as postulated by Astbury, Dickinson, and 
Bailey (1). 

The initial points lie on a smooth curve only if the technique of com- 
pression, pressure adjustment, and further compression is maintained 
uniformly, whereas the equilibrium values are independent of further 
lapses of time, as figure 1 shows. In rapid compression an equilibration 
debt, as it were, is accumulated, which forces itself upon the attention of 
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the observer only at relatively hi^ presBures, if oompre88io& is rapid and 
uniform. The amount of eq^bration in the first minute after obtaining 
the initial pressure is mnall at low pressure as the time curves show in 
figure 1. As the pressure increases, ^e fraction of the whole equilibration 
occurring within the first minute increases very greatly. This should not 
be confused with the more or less irreversible collapse of the protein fibn 
found after the condensed state is reached. 

That the compression is reversible above an area of 0.25 m.* per milli- 
gram is further shown by the experiment presented in figure 2, in which a 
film of egg albumin is compressed, expanded, recompressed, and re6x- 
panded. Only the initial and equilibrium points are shown at each step. 



Fio. 3, Nerve protein extracted in N/\0 sodium hydroxide. Spread on N/300 
acetate buffer, pH 4.6, with aid of 4.23 per cent alcohol. Coordinates as before. 
Equilibrium points only, of four separate films, except open circles, which show 
both initial and equilibrium points. 

Cktmparison of figures 1 and 2 shows that the areas at zero pressure extrap- 
olated from the approximately linear portion of the equilibrium pressure 
curves are different in the two cases, although the buffer subsolutions were 
practically the same. This variation has been studied in other experi- 
ments and seems to be due to incomplete spreading of the protein when the 
surface available for its spreading is limited. It is not clear whether this 
is due to an incomplete uncoiling or degeneration, to use Astbury’s term, 
of the protein from the dissolved (globular) state to its extended condition 
(sa the surface, or is caused by a partial passage of protein into the body 
the subsolution in the trou^. In such restricted spreading the pressure 
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rises rapidly at first, then gradually approaches an equilibrium value. 
This spontaneous pressure rise is quite sensitive to the character of the 
subsolution and to the precise manner of application from the tip of the 
microburet. 

Nerve proteins resemble egg albumin in showing equilibration, but the 
plateau effect between the linear portion and the final condensed packing 
is absent. In figure 3 are plotted the equilibrium points of four successive 
films of nerve protein extracted in N/10 sodium hydroxide, spread on 
iV'/300 acetate of pH 4.6 with the aid of 4.25 per cent alcohol. One set of 
initial points is included as well to show the similarity to other proteins. 
However, instead of showing a plateau, the curves at the lowest area seem 
to be passing over into the condensed packing. This is not so far-reaching 
a distinction between the proteins as might be thought, however, since 
casein, which shows the plateau markedly on some subsolutions, shows 
hardly any upon others. Moreover, definite indications of this plateau 
have been obtained for nerve proteins of the neurostromin group on other 
buffers. Fibrinogen films, although shovdng the plateau upon water, 
show little or none upon Mcllvaine’s phosphate-citrate buffer. 

The general relations of the phase boundary potentials observed with 
these films are quite similar to those reported by Hughes and Rideal (6) 
and by ter Horst (5), using the polonium electrode method. At great areas 
the potentials fluctuate. With decrease of area, the time average of these 
potentials tends to rise and the range of fluctuation to decrease, until the 
potential becomes steady at the area at which the whole available surface 
is covered with film. In the case of elastic patch films this can be made 
plainly visible by dusting talc upon the surface previous to spreading. 
Depending on the resistance of the elastic patches, more or less pressure is 
required to deform them and thus to fiJl the available space. The steady 
potentials increase with decreasing area without showing any equilibration 
to correspond to the force changes within the sensitivity of our measure- 
ments (1 or 2 millivolts). At lower areas the potential levels out, becoming 
constant and independent both of area and pressure. This constant 
potential region extends into the final upturn of the force-area curves for 
condensed packing. Through the region of largest equilibration the 
potentials remain constant. 

In spreading at restricted areas the potential changes cease long before 
the increase in pressure reaches equilibrium. This has been observed 
with fibrinogen on phosphate-citrate buffer of pH 7.4. Egg albumin on 
iV/SOO acetate, pH 4.65, shows a somewhat greater tendency for the poten- 
tials and pressure to change together, but even here the potential curve is 
changing less with time than the pressure curve. This probably indicates 
that in spreading at restricted areas there is an initial period in which the 
actual surface concentration of protein is changing, owing to translation 
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of iHotdm chains along the surface, but that the later and longer period 
of the changes is due to readjustments siinilar to the equilibration at each 
step in compression. 

The experiments here presented extend to low pressures the range of the 
metastable state given by Hughes and Rideal (6) for gliadin films. The 
importance for the theory of film structure of the independence of potential 
and pressure in the plateau region has been emphasized by ter Horst (5). 
The facts shown in the present experiments, that potential depends only 
partially upon the area of the film (or surface concentration) and not at all 
upon equilibration of pressure, must be taken into consideration in any 
general theory of film structure. 


SUUMABT 

The method of preparation of cert^ nerve protein fractions and the 
general features of the unimolecular films formed by them on various sub- 
solutions are described. 

A phenomenon of pressure equilibration following change of area of these 
films has been observed. This equilibration is not associated with changes 
in phase boundary potentials and is distinct from irreversible collapse. 
The relation of this equilibration to film spreading at restricted areas is 
discussed. 
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INTRODUCTION 

It was demonstrated by Laing (2), in her work with soap solutions, that 
colloidal electrolytes and ordinary electrolytes show the same type of 
electrokinetic behavior, and hence can be studied by comparable experi- 
mental methods. ‘Terric hydroxide” sols are typical charged colloids 
differing only in degree from typical colloidal electrolytes. It is therefore 
to be expected that their transference numbers can be measured by the 
same methods that are used for simple electrolytes, namely, the analytical 
method of Hittorf and the method of moving boundaries. 

The identity of these two methods for measuring transference numbers 
was pointed out by Miller (8) and by Lewis (3), and was experimentally 
verified by Macinnes and his coworkers (4, 6). Many colloid chemists, 
however, have not recognized that this identity must also hold true for 
colloids. It was therefore desired to demonstrate this truth by experi- 
mental measurements on a typical charged colloid such as a ‘Terric hy- 
droxide” sol. 

The requirements for reliable Hittorf determinations of colloids have 
been clearly stated by Laing (2). The requirements for moving-boundary 
measurements of ordinary electrolytes have been established by Macinnes 
and his co workers (5), but have been applied to colloidal solutions only by 
Robinson and Moilliet (9) in their study of dye solutions. 

The following are the most important conditions that should be observed 
in any moving-boundary determination: The slower ion, usually the in- 
dicator, should follow; only the receding boundary should be observed; 
the denser solution should be on the bottom; the concentrations of the two 
ions forming the boundary should be approximately in the ratio C/T = 
CyrS where C and represent concentrations and T and represent 
transference numbers; the concentration of the indicator should preferably 
be slightly less than that indicated by the equation; a tube of small bore 
should be used; one electrode compartment should be closed; the electrode 

' Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
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in the closed compartment should be reversible; and volume change on 
the closed side of the boundary should be known. 

Colloidal “ferric hydroxide” is a good material with which to demon- 
strate the fact that accurate transference measurements can be made by 
both the Hittorf and the moving-boundary methods. Moderately con- 
centrated sols can be prepared, and they exhibit a conductivity com- 
parable to that of dilute solutions of ordinary electrolytes. It is therefore 
possible to find an ion of lower mobility that the colloid to serve as an 
indicator. The only imcertain factor is the presence of small amounts of 
hydrogen ion in all “ferric hydroxide” sols. It is, however, probable that 
there would be no appreciable disturbance of the boimdary if the same 
concentration of hydrogen ion were present in the indicator as in the sol. 

EXPERIMENTAL 

Hittorf determinations 

These experiments were carried out on “sol 13,” the properties of which 
have been recorded in two previous communications (6, 7). 

The method used for Hittorf determinations was similar to that de- 
scribed by Laing (2). Figure 1 shows the transference cell. It was of 
Pyrex glass, and had a capacity of about 100 cc. The usual silver coulom- 
eterwas not suflBciently sensitive to determine the current passed through 
the cell. The current density was therefore measured by means of a gal- 
vanometer that had been calibrated as a milliammeter. The total current 
was determined by plotting current density against time and taking the 
area under the curve. Four B-batteries in series (200 volts) supplied the 
current. All portions of the circuit were insulated from the ground. 

In these gravimetric Hittorf measurements the sol was placed so as 
to fill the middle portion (tubes 3 and 4) completely, and to extend 
half way up in tubes 2 and 5. Then with the cell in position, a known 
weight of 0.0001 N sodium nitrate solution was introduced from a sepa- 
ratory funnel with flaring, upturned tip, to serve as a guard solution. 
This prevents contact with the electrodes and also provides definite elec- 
trode reactions not interfering with the analysis employed. Before start- 
ing a run, the cell was allowed fifteen minutes to attain the temperature 
of the thermostat, 25® ± 0.02®C. During a run the current density was 
measured every 5 minutes, and the zero point of the galvanometer was 
checked frequently. Three middle portions, “AM,” “M,” and “CM,” 
tmd both electrode portions were analyzed for iron and chlorine according 
to the methods described in a previous communication (7). 

The transference numbers of ferric oxide and of chlorine were calculated 
relative to water. The final weij^t of water in each electrode compart- 
ment was determined by subtracting the weight of guard solution and the 
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weight of ferric oxide found by analysis from the total weight of solution. 
The weights of ferric oxide and chlorine originally present were calculated 
from the composition of the sol. 

The Hittorf migration results are given in table 1. The Hittorf number 
is defined as the number of chemical equivalents of the named constituent 
which pass from one electrode compartment to the other for each faraday 
(96,500 coulombs) of current passed through the solution. The middle 
portion remains unaltered in composition. For colloidal systems, as for 
electrolytes, the algebraic sum of the number of electrochemical equivalents 
or charges carried in the two directions must always add up to unity for 
each faraday of current passed. In the case of simple electrolytes carrying 



one charge per chemical equivalent, the same statement holds true for 
chemical equivalents. However, since a colloid may carry many chemical 
equivalents per electrical charge, the Hittorf numbers may be greater than 
imity, as in table 1. Here the migration numbers appear as 70.3 equiv- 
alents of iron and 2.60 of chlorine for each faraday, both moving towards 
the cathode. Thus, 2.50 more equivalents of un^ionized chlorine is carried 
in the positive colloidal particles towards the cathode than is simultane- 
ously carried toward the anode by the corresponding free chloride ions. 

Movirig-houndary determinations 

The migration velocity of colloidal “ferric hydroxide” was measured 
in the same cell that was used for Hittorf determinations. The guard 
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solutions, now used as indicator solutions, were of lithium chloride, made 
to the same hydrogen-ion concentration as the sol with hydrochloric acid, 
and were equally conducting with the sol. 

TABLE 1 

Hittarf meaaurementa of transference numbers expressed as chemical equivalents of iron 
and chlorine transported per faraday for ferric hydroxide sol 1$** 


Experiment 1 : current passed, 4.66 X 10“"* faradays 

70.6 --0.000116\ 

-0 OOOOOIJ 

■fO. 000003] 

69.6 +0.000002[ 

■+• 0 . 000112 ] 

+70.1 

Experiment 2: current passed, 3.45 X 10““* faradays 

71.0 -0.0000873 

- 0.0000000 

-0.0000007] 

69.9 +0.0000028[ 

+O.OOOO 8 I 0 J 

+70.5 
TABLE 2 

Moving^boundary measurements expressed as transference numbers and as absolute 
velocities, showing identity with results of Hittorf method for ** ferric 
hydroxide sol IS” 

Indicator solution: 7.5 X 10““* N hydrochloric acid + 5.5 X 10*"* N lithium chloride 

MOBZLITT 
cm,f9ie.lvoUlem. 

4.45 X 10““* 

4.68 X 10-« 

4.45 X 10-* 

(C 0.983 equiv. per liter on basis of analysis in Hittorf experiments.) 

The potential gradient was determined by measuring the difference in 
potential between two cff the platinum terminals shown in figure 1. The 
measurmuents were made by means of a Leeds and Northrup student 



MOTBMBNT OF 
BOVMDABT 

POTBNTXAL 

OBADXBNT 


vclUlem. 

5.04 

1.57 

3.75 

1.51 


minute* 

119 
90 


From Hittorf number, table 1 . 


-2.56 


-2.50 


A -0.00245 

AM +0.00002 

M +0.00001] 

CM +0.00002[ 

C +0.00238] 


Average 


A -0.00329 

AM +0.00001 

M +0.00002] 

CM +0.00004[ 

C +0.00318] 


Average 


-2.51 

-2.51 



TBAKSFBBaMCa OF Fe(OH)* 


equivuents 


Hittorf number 


TBANsransNca of Cl 

Hittorf immb« 
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potentiometer and a high-eensitivity, high-resistance galvanometer. The 
method was checked by using a dilute potassiiun chloride solution in the 
ceil, the potential gradients observed between different terminals checking 
within less than 1 per cent. 

The boundaries between sol and guard were formed in the manner 
that was described for Hittorf determinations. The cell was allowed fifteen 
minutes to attain the temperature of the thermostat. The boundaries 
were observed by means of a traveling microscope. Their position, when 
first formed, could be read to within 0.2 to 0.4 mm. After the current 
had been passed for about fifteen minutes, the anode boundaries were read 
to within 0.1 mm. Observations of potential gradient and of boundary 
position were made about every 5 minutes during each run. 

The transference numbers of iron obtained by this method for “sol 13” 
are summarized in table 2 for two independent experiments, involving 
twenty-seven readings. They were calculated from the equation 

T - 

lOOOK 

where T is the Hittorf number, U is the absolute velocity in cm. per second 
per volt per centimeter, F is Faraday’s constant (96,500 coulombs), C 
is the concentration in chemical equivalents per liter, and K is the specific 
conductivity. 


DISCUSSION OF BESULTS 

These results definitely prove the possibility of measuring the trans- 
ference numbers of charged colloids as well as colloidal electrolytes by 
both the analytical and the moving-boundary methods. The values 
obtained by the two methods agree within the experimental error of the 
moving-boimdary measurements as made in these experiments. More 
accurate results could be obtained by more rigid adherence to the principles 
listed in the introduction. 

The chief source of inaccuracy was in the use of an apparatus with both 
electrode compartments open, making the application of exact volume 
corrections impossible without further study (3). However, since the total 
current passed was very small, about 5 X 10"* faradays, volume changes 
due to electrode reactions were practically negligible. The only appre- 
ciable errors were due, first, to the slight hydrostatic readjustment of the 
liquid boundary caused by the transference or displacement of the “ferric 
hydroxide” in density, and, secondly, to the slight volume changes accom- 
panying the transference. This might make the results low by about 2 
per cent. 

A third source of error was due to thp use of an indicator solution that 
was more concentrated than the required value, 4.2 X 10"*, calculated from 
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CfT »» (7*/Jn. However, it has been found (1) that the ran^e of adjust- 
ment is relatively great for solutions of this dUution, so that the error 
was probably very slight and would tend to cancel the error due to trans- 
ference of “ferric hydroxide.” 

coiiLBcrsn fbofbbtibs 

A summary of the chemical and physical properties of “ferric hydroxide 
sol 13,” as presented in this and two previous commxmications (6, 7), is 
given in table 3. The second column gives properties of the actual sol, 
containing both colloid and small amounts of free hydrochloric acid. The 
third column represents an “ideal” sol containing only the positive colloidal 
partides and the corresponding chloride ions. These values are obtained 
by correcting the values in column two for the effect of the ultrafiltrate. 


TABLE 3 

Summary of properties of “ferric hydroxide sol IS” at tS°C.* 



ACTUAL BOL 

**ID*AL*’ BOL 

Equivalents of Fe per 1000 g. HjO 

0.934 

0.934 

Equivalents of Cl per 1000 g. HgO 

0.0449 

0.0430 

Ci^ * 

6.3 X 10”* 

1 X 10”^ 

Specific conductivity) in mhos 

6.70 X 10~* 

5.40 X 10”* 

Hittorf number of Fe 

70.3 

74.2 

Hittorf number of Cl (not Cl” only) 

-2.61 

-2.65 

Mobility of Fe in cm. /sec. /volt/cm 

4 52 X 10”* 

4.52 X 10”* 

Mobility of Cl” in cm. /sec, /volt/cm 

7 91 X 10”* 

7.91 X 10”* 

Equivalent of Fe per faraday of free chargef. 
Concentration of free chloride ionf 

206 

0.0064 

206 

0.0045 



* The diffusion ooefficient of “sol 20“ at 25°C. was found to be 0.613 as compared 
with 0.46 for sucrose by McBain, Dawson, and Barker (J. Am. Chem. Soc. 86,1021 
(1884)). 

t Calculation as given below. 

The number of chemical equivalents of iron per faraday of free charge, 
tnp„ was calculated by means of the Laing equation (2), 

m ^ *»g>/F»CFe 
*'* M 

wh^ Ty, is the Hittorf number, 74.2, /y, is the conductivity contributed 
by one chemical equivalent, cp, is the concentration in chemical equivalents 
per 1000 g. of solvent, 0.034, and m is the conductivity of that amount of 
solution containing 1000 g. of solvent, approximately 1000 X 5.40 X 
10~* 0.540 mho. 

All the above quantities are experimentally determined except mp, and 
The latter can be eliminated by means of the independent equation, 
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M =* CFe /fo + where Cci- is the concentration of free chloride ions 
and V their mobility. Solving for /pe and substituting Cci- = CFe/wipe givCS 

f — Cpet' 

/Fe 

^Fe^Fe 

Substituting this in the Laing equation, 

^ _ 2^FeM + 

mpe = 

Tpe is taken as the value for the ‘‘ideaP’ sol or 74.2, v is assumed to be the 
same as at infinite dilution or 76,3, and m may be taken equal to jfiT X 1000 
or 0.540. This gives mpe == 206. The corresponding concentration of 
chloride ion due to dissociation is 0.934/206 = 0.0045 N. This free 
chloride ion, 0.0045 N Cl“, is only 10.5 per cent of the total chloride, 
0.0430 Nf carried in the sol, the other 89.5 per cent being carried in the 
positive particle in undissociated unconducting form. 

As compared with the equivalent conductivity of the free chloride ion, 
76.3 mhos, the conductivity of one equivalent of positive charges carried 
on the positive particles is 43.6 mhos; hence that of the amount of charge 
carried by one chemical equivalent of iron is 206 times less, or 0.212 mho. 
A positive charge on the colloidal particle thus conducts 43.6/76.3, or 
57 per cent as well as an ordinary chloride ion. 

Finally the so-called zeta potentials, which, since they have never been 
measured directly are always calculated by multiplying the observed linear 
mobility by ^irrjID or 129,700, come out as +58.6 mv. for the positive 
colloidal particles and — 102.6 mv. for the ordinary free chloride ions. 

SUMMAKY 

The transference numbers of iron and chlorine in a “ferric hydroxide^' 
sol were measured by the Hittorf and moving-boundary methods, which 
were found to give identical results within the limits of experimental 
error.* 

The importance of making such measurements in accordance with 
methods established for use with simple electrolytes was pointed out. 

The interesting and significant physicochemical properties of “sol 13,'^ 
as reported in this and tw’o previous communications, are summarized. 

* Footnote added in proof: Roberts and Carruthers (J, Phys. Chem. 40, 703 
(1936)) have now shown that the moving boundary and the observation of a single 
particle give identical results. This is inevitable, if electrode changes do not reach 
through the middle portion, since all movement is referred to motionless solvent. 
On the whole, apart from slight density changes outside the middle portion, the 
solvent does not move in either a closed or an open U-tube. 
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A DIFFUSION STUDY OF DYES' 
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The interest in the relationship of the substantive dyeing of cotton to the 
colloidal state of dyes in solution has led to extended investigations of the 
particle radius and the state of aggregation of representative water-soluble 
colors by Robinson and Mills (29), Ruggli and coworkers (34, 35), Haller 
(8), Schaffer (36), Schramek and Gotte (37), Brass and Eisner (1), Rose 
(31), Valk6 (40), the authors (14, 15, 16), and others. Diffusion measure- 
ments offer one of the simplest experimental approaches to a study of the 
colloidal state of dyes in solution. However, progress in the field has been 
slow because experimental methods were not well adapted to a study of 
dyes under actual dyeing conditions and because a suitable theoretical 
background for applying the measurements was lacking. Recent theo- 
retical and experimental work of Hartley and Robinson (10), Bruins (2), 
and McBain (17, 18, 19, 20) and his coworkers has led to a correlation of 
the rate of diffusion of a colloidal electrolyte with the magnitude of the 
charge on the particle and the distribution of ions in the surrounding 
medium. The microdiffusion method of Fiirth and Ullmann (4, 5) and the 
porous-plate method of Northrop and Anson (25) have been successfully 
applied in studies of colloidal electrolytes by Robinson (27, 28), Nistler 
(24), Schramek and Gotte (37), McBain (17, 18, 19, 20) and his coworkers, 
and Valk6 (40). The authors (14, 15) have recently applied both methods 
in a study of the diffusion of four chemically pure dyes. The dyes were 
as follows: (I) p-sulfobenzeneazobenzeneazo-O-benzoylarnino-l-naphthol- 
3-sulfonic acid (sodium salt) (Colour Index No. 278) ; (II) p-sulfobenzene- 
azobenzeneazo-6-benzoyl-p-aminobenzoylamino-l-naphthol-3-sulfonic acid 
(sodium salt); (III) o-tolidinebisazo-l-naphthylamine-4-sulfonic acid (so- 
dium salt) (benzopurpurin 4B, Colour Index No. 448) ; (IV) m-tolidine- 
bisazo-l-naphthylamine-4-sulfonic acid (sodium salt) f^^meta^^ benzo- 
purpurin 4B). 

Dye I and dye II are of the same chemical type but possess widely 
different colloid-chemical properties. Dye I is characterized by its excel- 

‘ Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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level djreing properties, poor fastness to washii^, and poor exliaust 
from the dye bath on cotton. Dye II, in contrast, is more difficult to dye 
levdi and shows superior wash fastness as well as a high exhaust from the 
dye bath. The identifying difference in the formulas of dye I and dye II 
is the presence of a second benzoyl group in dye II. Dye III and dye IV 
are oi another chemical type and differ between themselves only in the 
position of the methyl groups of the tolidine nucleus. The spatial change 
in the position of the methyl groups is associated with a great difference in 
the substantivity of the dyestuffs toward cotton. 

The microdiffusion method used in this work was essentially the same 
as that of Fdrth (4), and has been described by the authors (16). For most 
measurements, the microdiffusion cell was housed in an air thermostat 
whose temperature was held with a maximum variation of ± 0.6‘’C. 

The porous-plate method was applied as described by McBain and Liu 
(20). Its adaptation to dyestuff measurements was described by the 
authors (14). 

The dyes used in this work were prepared from purified intermediates 
by methods in current use for manufacturing azo colors. The dyes were 
freed of electrolytes by the method of Rose (32, 33). This method (14, 15) 
consists in converting the dyes to their arylguanidine salts (preferably 
di-o-tolylguanidine), which are insoluble in water. The dyes are washed 
free of inorganic electrolytes, are dissolved in alcohol, and are converted 
by metathesis with sodium hydroxide to the sodium salts. The pre- 
cipitated sodium salts of the dyes are filtered and washed free of the 
arylguanidine with alcohol. 


I. DIFFUSION AND AOOBBOATION OF PURE DYES IN WATER 

Herzog and Polotsky (12) showed that some purified dyes diffuse as 
electrolytes; Freundlich (3), Svedberg (38), and Tiselius (39) have pointed 
out the necessity of considering ionic forces in dealing with diffusion and 
sedimentation phenomena. Despite these facts the Stokes-Finstein 
equation 


D = 


JL 

N 6in>r 


( 1 ) 


has been applied indiscriminately for the calculation of the particle radius 
of dyes in solution imtil the recent theoretical treatment of Hartley and 
Robinson (10), who showed that theoretically the minimum diffusion 
constants for a number of dyes would be approximately 6.1 X 10~* cm.* 
per second. Robinson (27) has demonstrated that representative purified 
dyes diffuse at an appreciably ^greater rate than the theoretic^ minimum 
(see table 1). Valkfi (40) estimated that dyes which are the soditun salts 
of monobasic or dibamc adds may diffuse at rates as high as 7.2 to 8.2 X 



A PIFFTT8IOM STUDY OF DYES 


1007 


10~* cm.* per second. The data of Valk6 on the diffusion of a number of 
representative pure dyes are of the same order. The authors obtained 
values of 8.8 to 9.0 X 10“* cm.* per second for the diffusion of dye I and a 
value of 7.7 X 10-* cm.* per second for the diffusion of dye II in water 
solution. These last values are about double those required for diffusion 
of the molecularly dissolved dye according to the Stokes-Einstein equation. 


TABLE 1 

Diffusion coefficients of pure dyes at B5°C. 


DTB 

MBASURBMBNTS BY 

CONCENTRA- 
TION RANGE 

DX 10-* 

Orange II, C.I. 151. 

Valk6 

grams per liter 

1 0-15 6 

cm.* per seeorul 

6 68-7 99 

Azogrenadine S, C.I. 54 . . 

Valk6 

0 5-5 0 

8 38-7.86 

Bordeaux Extra, C.I. 385 . 

Robinson 

0 8-2 5 

5 42-6 66 

Congo rubin, C.I. 376 . ... 

Robinson 

5 0 

5 51-5 59 

Congo red, C.I. 370. . . . 

Valk5 

0 1-5 0 

6 63-7 73 

Congo red, C.I. 370 

Robinson 

5 0 

5 68 

Benzopurpurin 4B, C.I. 448. . 

Valk6 

0 2-5 0 

6.12-7 48 

Benzopurpurin 4B, C.I. 448. . . 

Robinson 

5 0 

6 57 

‘*Meta’^ benzopurpurin 

Robinson 

5 0 

5 43-5 91 

Dye I, C.I. 278 ... 

Lenher and Smith 

0 5-1 0 

8.84-^ 01 

Dye II 

Lenher and Smith 1 

1 

0 5 

7.73 


TABLE 2 


Diffusion rate of dyes 1 and II into water and into dilute sodium chloride 

solutions at 26°C. 


BYB 

CONCBNTRATION 

DIFFUSING INTO 
NbCI SOLUTION 

D X 10-« 

CALCULATED 
PARTXCLB WEIGHT 


grams per liter 

grama per liter 

cm.* per second 


I 

0 5 


9 01 

80 


0 5 

0 087 

3 84 

1100 


1.0 


8 84 

90 


1 0 

0 174 

4.07 

924 


1 0 

0 500 

3 10 

2095 

II 

0.5 


7.73 

120 


0.45 

0.074 

4 21 

770 


0 45 

0.067 

2.93 

2280 


The results for Congo red and brnzopurpurin 4B in table 1 are consider- 
ably higher than a number of determinations reported by previous in- 
vestigators (1, 5, 12, 24). The difference in the rate of diffusion is probably 
due to differences in the degree of purity of the dyestuffs, for both dyes are 
highly susceptible to aggregation in the presence of inorganic salts. 

Hartley and Robinson (10) and Valk6 (40) are agreed that, even after 
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tiw (^ect of the charge on the ions is considered, it is not possible to deter- 
mine the state ai a^p^'^tion of a pure dye in water solution from diffusion 
measurements. Hartley and Robinson (10) explain the high rate of 
diffusion ol the color ion in solution as due to its attraction for the highly 
mobile sodium ion, i.e., both ions must diffuse into water at the same rate. 
It appears that for a completely dissodated dye, electroneutrality of the 
color ion with respect to the sodium ion in the diffusion cell would be 
established by carrying out the diffusion of the dye into an electrolyte 
solution containing an equivalent concentration of the metal ion. The 
authors studied this effect by determining the rate of diffudon of the sodium 
salt of dye I and dye II into dilute sodium chloride solutions. The meas- 
urements were made in the Ftirth microdiffusion cell at 26*C. The data 
are summarized in table 2. 

In table 2 the particle radius is calculated from equation 1. It is as- 
sumed that the dye molecules or micelles are large in comparison with the 
solvent and that they are spherical. Herzog, Illig, and Kudar (11) showed 
that the error caused by assuming the particles to be spheres is relatively 
small except in cases involving extreme elongation. The authors (16) 
have shown that the ultramicrons of most dyes in sodium chloride solutions 
are practically spheres. The particle weight is calculated from equation 2 
where the specific gravity (g) is 1.72 for dye I and 1.58 for dye II. 

w = I iri^gN (2) 

The substitution in equation 1, and indirectly in equation 2, of the 
diffusion constants of dye I and dye II into water gives particle weights 
which are small fractions of the formula molecular weights, as is to be 
expected on theoretical grounds. The rate of diffusion of dye I into an 
equivalent concentration of sodium chloride gives particle weights of 900 
to 1100 as compared with an ion weight of 629. The agreement is con- 
sidered remarkably good, since the experimental error in the microdiffusion 
method is at least 5 per cent. An error of this magnitude might account 
for about half the difference between the calculated particle weight and the 
ion weight. In addition, the density of the dye particles in solution is not 
accurately known. The data indicate that the chloride ions from the 
salt solution diffusing in the opposite direction have very little effect on the 
rate of diffusion of the color ions. It appears that the negatively charged 
dye ion diffuses as a neutral particle in the presence of a uniform distribu- 
tion of a common positive ion in the cell. The data of table 2 show that 
the rate of diffusion of dye I into a sodium chloride solution of three times 
the equivalent concentration -is fiurther retarded, as would be expected, 
since the diffusion occurs against a concentration gradient of sodium ions. 

The value of D for the diffusion of dye II into an equivalent concent 
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tration of sodium chloride also corresponds to that expected for the molec- 
ular diffusion of a neutral particle. However, diffusion into a higher salt 
concentration is accompanied by boundary disturbances, while the diffusion 
rate into a slightly lower (10 per cent) concentration of sodium chloride 
is, contrary to expectations, about 30 per cent lower. It appears that the 
distribution of positive and negative ions in a solution of dye II does not 
correspond to that of a molecularly dissolved, completely ionized dyestuff. 
The differences in the behavior of dye I and dye II in these experiments 
indicate that dye I closely approaches the molecular state in solution, 
while dye II is aggregated into micelles. 

The successful application of the above method to dye I and dye II 
suggests that it is possible to determine whether water-soluble dyes are in 
true solution by observing the rate of diffusion into an equivalent con- 
centration of sodium chloride. 

II. DIFFUSION AND AGGREGATION OP DYES IN SALT SOLUTIONS 

The necessary conditions for determining diffusion constants that may 
be substituted in the Stokes-Einstein equation to estimate the particle 
radius of dyes in solutions eontaining inorganic electrol 3 d;es have been 
considered recently in a number of papers. Hartley and Robinson (10) 
and Valk6 (40) are of the opinion that diffusion experiments with dyes 
must be carried out in the presence of a uniform concentration of a foreign 
electrolyte to permit application of the diffusion constants in the Stokes- 
Einstein equation for the determination of the particle radius. The 
authors (14, 15) were unable to apply this principle in a study of dye I 
and dye II because of boundary disturbances which occurred in the micro- 
diffusion cell. The same trouble was experienced by Robinson (27) with 
dye IV, but only at relatively high (0.25 N) concentrations of sodium 
chloride. If a uniform concentration of the foreign electrolyte were re- 
quired, it would be expected that the diffusion rate of the dye would in- 
crease when diffusion occurs into a sodium chloride solution of lower 
concentration than that present in the dye solution, and that a further 
increase would occur for diffusion of the dye from the salt solution into 
water. The authors (14) tested this theory by measuring the rate of 
diffusion of dye I and dye II from a solution containing 1.0 g. of sodium 
chloride per liter into water and into a solution containing 0.5 g. of sodium 
chloride per liter. The data are given in table 3. 

Practically identical diffusion constants were obtained for the movement 
of the color ion from a sodium chloride solution into water, and for diffusion 
into a sodium chloride solution of half concentration. Robinson (27) 
obtained practically identical diffusion constants for the diffusion of dye 
IV from a 0.004 N (0.232 g. per liter) sodium chloride solution into water 
and into a 0.004 N sodium chloride solution. It is apparent, from these 
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data, that the rate of diffusioin'of the (ardinary water-eohible dyes froma 
salt sdution whose concentration is 0.02 N, aad possibly as low as 0.004 
N, into water is the same as the rate of diffitsion into salt solutions of the 
same or lower concentrations. It is apparent that the diffusion of sodiiun 
ions from these solutions is accompanied by movem^t of the iuid^y mobile 
chloride ions in quantities that prevent the establishment of a potential 
gradient between the sodium and dye ions. The data show that the only 
requirement for indep^ent diffusion of the dye ion, in a manner analogous 
to the diffusion of an electrically neutral particle, is the presence of several 
times the equivalent concentration of sodium chloride in the dye solution. 
The diffusion rate of the dye ion from a salt solution into either water or 
another salt solution represents the normal independent diffusion rate of 
the dye ion. 


TABLE 3 


Diffusion of dye I and dye 11 in the presence of electrolytes • 



SOLimON 

AOS or 

SOLUTION 

DIFFUSION INTO 
NaCl SOLUTION 

DXlQr* 

Dye H 

NaCl 


grartM jutr liter 

grame per liter 

Koure 

grame per liter 

cm* per eeeond 

I 

0.5 

1.0 

168 


2.38 

I 

0.5 

1.0 

. 168 

0.5 

2 45 

I 

1.0 

1 0 

90 


2 31 

I 

1 0 

1.0 

90 

0 5 

2 40 

II 

0 5 

1.0 

48 


0.94 

II 

0.5 

1.0 

72 

0 5 

0.93 

II 

1.0 

1.0 

336 


0.96 

II 

1.0 

1.0 

312 

0.5 

1.04 


III. AGING PHENOMENA OF DYES IN SALT SOLUTIONS 

The degree of aggregation of a dye in solution frequently varies with the 
age of the solution. Experiments with dye I (summarized in table 4) 
show that particle growth at room temperature occupies several days. 
The particle weight, in a solution containing 1.0 g. of sodium chloride per 
liter increased by 30 per cent on aging from two days to a week, and was 
practically doubled on aging for a month. The maximum aggregation 
with dye II in a salt solution is reached within a few hours. 

Solutions of dye I containing sodium chloride, on aging for several weeks, 
develop abnormal diffusion properties as compared with fresh solutions. 
In these experiments solutions containing from 0.5 to 1.0 g. of dye per liter 
and 1.0 g. of sodium chloride per liter were aged forty-eight to ninety hours 
at room temperature, llie diffusion rates of the color ion into water and 
into sodium chloride at concentrations up to 0.5 g. per Uter were practically 
the same. Similar dye solutions were prepared and aged lor four^weeks. 
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It was found on measuring the diffusion rate of the color.ion into water and 
into sodium chloride solutions (0.125 to 0.5 g. per liter) that a measurable 
accelerated diffusion occurred into the salt solutions. The data are sum- 
marized in table 4. , 

In table 4 each figure given represents at least two individual diffusion 
experiments in each of which at least eight determinations were made 
dmring a period of twenty to thirty minutes. 

The data in table 4 show that diffusion of the color ion from the aged 
dye solution into the salt solution became more highly accelerated the 

TABLE 4 


Diffttsion properties of aged dye solutions 


DTB ^ 

CONCKNTIUTION 

AQB OF SOLUTION 

T 

! 

DirrxTfioN ! 

INTO NaCl 

DX ia-« 

Dye + NaCl 



grama per I 
liter 

grama per 
liter 


•C. 

i 

grama per 
liter 

cm.* per 
eeceind 

I 


1.0 

2 days 

29 


3.13 

I 

0.5 

1.0 

2 days 

30 

0.5 

3.22 

I 

0.5 

1.0 

1 week 

30 


2.66 

I 

0.5 

1.0 

1 week 

28 

0.5 

2.62 

I 

0.5 

1.0 

3.5 weeks 

25 


2.13 

I 

0.5 

1,0 

3 5 weeks 

26 

0.125 

2.58 

I 

0.5 

mSM 

3.5 weeks 

25 

0.25 

2.96 

I 

0.5 

■H 

3 5 weeks 

26 

0.5 

3.18 

I* 

0.5 

maSm 

3.5 weeks 

26 


2.17 

I* 

0.5 


. 3.5 weeks 

26 

1.0 

2.08 

I 

1.0 

1.0 

4 days 

27 


2.46 

I 

1.0 

1.0 

4 days 

27 

0.5 

2.40 

I 

1.0 

1.0 

4 weeks 

29 


2.14 

I 

1.0 

1.0 

4 weeks 

30 

0.25 

2 67 

I 

1.0 

1.0 

4 weeks 

1 30 

0.5 

3.03 


* This solution was dye I, 0.5 g. per liter, plus sodium chloride, 1.0 g. per liter, 
aged for 3.5 weeks. Then sodium chloride was added to make the salt concentra- 
tion 2.0 g. per liter, and the measurements were made with this solution immediately. 


greater the sodium-ion concentration of the solution into which diffusion 
occurred. When more sodium chloride was added to the dye solution and 
the diffusion of the color ion was measured into water and into a salt 
solution, as indicated, no acceleration in the diffusion rate was observed, 
i.e., diffusion occurred in the normal manner. 

The mechanism of the change in properties of the dye solution is not 
understood. It appears that the accelerated diffusion can be accounted 
for only on the basis of the presence of an ionic gradient between the dye 
and the salt, since the diffusion rate varies with the concentration of 
sodium ions in the solution into which diffusion occurs. 
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Vr. DS^HNDIDNCH.OF DTD PABTtCDll SIZll ON SAI/T OONOENTBATION AND 

TDMPHSATUBB 

The effect of electrolyte concentration and of temperature on the degree 
of aggregation of dyes in solution is of 'great practical importance, since 
the fflze of the dye micelle is a controlling factor in dyeing processes. 

The preceding r4sum6 shows that the diffusion rate of dyes from solutions 
containing an inorganic electrolyte, as sodium chloride, into dther water 
or any concentration of the electrolyte up to that present in the dye solu- 
tion may be used to calculate the particle radius from equation 1. The 
history of the dye solution must be known to establish accurately the 

TABLE 6 


Effect of sodium chloride on colloidal state of dyes in solution at 


DTUTUfT 

COMCBN- 

TRATXON 

CONCaNTBA- 
TiON or NaCl 

H 

RX 10-* 

PABTl- 

CUB 

WBIOBT 

AflORB* 

OATION 

NO. 


gratna per 
liter 

N 

cm.* per 
eeeond 

cm. 



Orange II, C.I. 161 

0.05-0.1 

0.02 

5.10 

4.77 

413 

1 2 


0.2 

0.05-0.2 

4.05 

5.74 

564 

1.7 

Azogrenadine S, C.I. 54 

0.05-0.5 

0.02-0.05 

4.74 

5.12 

511 

1 1 


1.0 

0.1 

3.82 

6.35 

976 

2 1 

Benzopurpurin 4B, C.I. 448... . 

0.02-0.1 

0.01-0.02 

2.43 

10.0 

1 3810 

6.6 


0.05-0 2 

0.02 

I 2.08 

11.7 

6100 

9.0 

Congo red, C.I. 370 

0.05-0.1 

0.02-0.05 

1.85 

13.1 

8560 

12.0 


0,5 

0.1 

1.50 

16.2 

16200 

24.0 

Chicago blue 6B, C.I. 518 

0.02-0.2 

0 02-0.05 

2.55 

9.65 

i 3310 

I 3.7 


0.2 

0.1 

2.08 

11,7 

6100 

6 8 


0.2 

0.2 

1.62 

16.0 

12800 

14.0 


0.2 

0.5 

1.39 

17.5 

20400 

23.0 


effect of electrolyte additions, since the state of aggregation may depend 
on the age of the solution. Extended aging may introduce complications 
due to acceleration of the diffusion rate into salt solutions. 

Yalkd (40) studied the effect of varying salt concentrations on the rate 
of diffufflon of two acid dyes and three substantive dyes by the porous- 
plate method. Part of the data are summarized in table 5. 

The data diow that the acid dyes are in moleculat solution at salt con- 
centrations up to 0.02 N, while the substantive dyes are aggr^ated 
into micelles. The add dyes in solution are much less readily agglomerated 
by additions of sodiiun dilotide than me the substantive dyes. However, 
in all oases there is an increase in the degree of aggregation of the dyes at 
mifiSdently hii^ ocmcmtratioDS of sodium chloride. 
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Brass and Eisner (1) reported on the basis of diffusion measurements that 
the particle size of pure dyes in solution is much smaller than the particle 
size of unpurified samples. 

Schramek and G6tte (37) studied the effect of various electrolytes on 
the degree of dispersion of two substantive dyes (C. I. 385, C. I. 390) in 
water solution by the Fiirth (4) method. Their values for the rate of 
diffusion of the pure dyes in water are much lower than would be expected. 

TABLE 6 


Agglomeration of dyes by electrolytes at tB^C. 


SOLUTION OF 

Dye + NaCl * 

f NaiSOi 

DX 10-* 

BBTXMATKD j 
BADins 
RXldr* 

PABTZCLB 

WBXOHT 

(m) 

AOOBBOA* 
TION NO. 

gravM p«r liUrr 

N 

N 

cm* per 
eeeond 

cm. 




0.5 

0.027 


2.08 

11 7 

6990 

11 


0.5 


0.027 

3.19 

7.6 

1920 

3 

Dye I ^ 

0.5 

0.107 


1.52 

16 0 

17900 

28 


0.5 


0.107 

2.50 

9.7 

3990 

6 


0.5 

0.027 


0 71 

33.7 

153500 

205 

Dye II ^ 

0,5 


0 027 

1.32 

18.4 

25000 

33 

0.5 

0.107 


0.72 

34.2 

160400 

214 


[ 0.5 


0.107 

1.60 

15.2 

14100 

19 


1.0 

0.01 


2.69 

9.0 

2800 

4 


1.0 


0.01 

4.52 

5.4 

605 

0.9 


1.0 

0 025 


0.92 

26 4 

71000 

105 


1.0 


0.025 

1 91 

12.7 

7900 

12 


1.0 

0,05 


0.39 

62.2 

928000 

1370 


1.0 


0 05 

0,75 

32.3 

130000 

190 

Dye III ^ 

1.0 

0.01 


2.99 

8.1 

2160 

3.2 


1.0 


0.01 

4.45 

5 5 

675 

1.0 


1 0 

0 025 


2 02 

12 0 

7020 

10 


1.0 

0,05 


2.06 

11.8 

6675 

10 


1.0 


0.05 

4.20 

5.8 

790 

1.2 


1.0 

0.1 


1.64 

14.8 

13170 

19 


1.0 


0,1 

3.49 

7.0 

1390 

2.1 


They found that additions of sodium chloride, sodium sulfate, sodium 
carbonate, and magnesium sulfate all act at low concentrations to dis- 
perse the dyes, and at higher concentrations as agglomerating agents. 
A dispersing action of small additions of sodium sulfate on pure dyes in 
solution was also reported by Ostwald (26). 

Ihe authors (14, 15) used the microdiffusion method to determine the 
rate of diffusion of dyes I, II, III, and IV in the presence of electrolytes at 
25“C. The dye solutions were prepared at the boil and aged at 25®C. 
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for eit^tew hours b^ore the measuremnits 'wese made. Hm diffosicm 
-rate was measmed from the electrolyte sohitkm into water. Hiere was 
no indication that the concentration of inorganic electrolyte in the dye 
solution changed sufficiently during the ^ort diffiision pmod of twenty 
to thirty minutes to cause a change in the colloidal state of the dye dtuing 
measurements. The data are summarized in table 6. 

. The data in table 6 show that the four dyes are characteristically different 
in the extent to which they are agglomerated by electrolyte additions. 
Dye II and particularly dye III are highly soisitive to additions of sodium 
chloride and sodium sulfate. Dye I and dye IV are much less aggre- 
gated, especially in the presence of sodium sulfate. In general, sodium 
chloride exerts an appreciably stronger agglomerating action than does 
sodium sulfate with corresponding dyestuffs. 

Bobinson (27) showed, from measurements by the microdiffusion 
method, that benzopurpurin 4B (C. I. 448) and Congo red (C. I. 370) 
are considerably more highly aggregated by sodium chloride than either 
BoMeaux Ebctra (C. I. 385) or “meta” benzopurpurin. He found that the 
diffusion constants of Bordeaux Extra and “meta” b^zopurpurin, ob- 
tained in the presence of increasing salt concentrations, fall to a constant 
twiniTniim for both dyes. The minimum diffusion constant for Bordeaux 
Extra in salt solutions corresponds approximately to that for a molecular 
solution, and it is inferred that the dye is in the molecular state in water. 
The minimum diffusion constant for “meta” benzopurpurin in salt solu- 
tions shows that the dye is associated into micelles of more than ten mole- 
cules. Robinson (27) has interpreted the data as showing that the dye is 
also in the form of micelles of more than ten molecules in water solution. 
As Robinson (27) points out, this extrapolation gives a result which is in 
agreement with osmotic-pressure measurements, but is too high in com- 
parison with the mobility measurements of Robinson and Moilliet (30). 
Such an extrapolation of the data appears hazardous, in view of the ease 
wilh which dyes are aggregated in dilute solutions of electrolytes. The 
data of table 6 show that diffurion constants for “meta” benzopurpurin 
(dye IV) in the presence of sodium sulfate are much higher than at equiv- 
alent conc^trations of sodiiun chloride. It is shown that dye IV is in the 
molecular state in sodiiun sulfate solutions up to 0.05 N, and it is inferred 
that the dye is in true solution in the absence of electrolytes. These 
results correspond more nearly to the state of aggregation for “meta” 
bousopurpurin (1.2) deduced by Robinson and Moilliet (30) from molality 
Mcperioimts. The data of table 6 also show that b^uopurfauin 4B 
(dye III) is in the molecular state in 0.01 N sodium sulfate solution, and 
it is izderred ihat the dye -is in true solution in aiwter. Robinson and 
MoiQiet (30) found from mobihty experiments that the degree of agpe- 
gaUon of beiu»)pai|Hmn 4B in solulion is 1.5. It appears that the differ- 
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enoes in the colloid-chemical properties of benzopurpurin 4B and its isomer 
arise from the great difference in the sensitivity of the two dyes to agglom- 
eration by inorganic salts, rather than from a large difference in the state 
of the pure dyes in water solution. 

The data of Valk6 (40), Robinson (27), and the authors (14, 15) show 
that the only effect of the addition of sodium chloride and sodium sulfate 
to a number of representative dyes is to increase the particle size of the 
dyes in solution. As pointed out above, Schramek and Gotte (37) found 
that low concentrations of electrolytes first disperse some dyes and that 
greater concentrations produce reagglomeration. The wide variation 
between the diffusion constants of the pure dyes of Robinson (27), Valk6 
(40), and the authors (14) compared with the diffusion constants for the 
dyes of Schramek and Gotte (37) suggest that the widely different methods 
of purification give dyes of a different degree of purity. The conflicting 
results from diffusion measurements made in solutions containing low 
concentrations of electrolytes are probably due to a difference in the degree 
of purity of the dyes. 

It has been commonly recognized that increased temperatures lead to 
increased dispersion of dyes in colloidal solution. The authors (14, 15) 
made a quantitative study of the effect of temperature on the degree of 
dispersion of dyes I, II, III, and IV in electrolyte solution by carrying out 
diffusion measuremenvS with the porous-plate type of cell. In these ex- 
periments the diffusion of the dye was carried out from a salt solution 
into another salt solution of equal concentration. Quantitative observa- 
tions of the increase in the dispersion of the dyes with increase in the tem- 
perature are summarized in table 7. 

The particle weights were calculated by eciuation 2, using the following 
experimentally determined values of g: dye I, 1.72; dye II, 1.58; dye III, 
1.62; dye IV, 1.60. 

The data in table 7 show that while a general decrease in the degree of 
aggregation of dyes occurs with increasing temperatures, specific differences 
in behavior occur. Dyes I and IV are only slightly aggregated in 0.1 V 
sodium sulfate solutions; the average particle weights in 0.1 V sodium 
chloride solutions are less than 18,000. On raising the temperature to 
94®C. the two dyes are dispersed to aggregates of average particle weight 
less than 3500. Dye III is precipitated in either 0.05 N sodium chloride 
or 0.05 N sodium sulfate solution at 25®C., and is partially precipitated in 
0.075 N sodium chloride or 0.075 N sodium sulfate at 50°C. At 65®C. the 
dye is dispersed into aggregates of particle weight about 15,000 in 0.1 V 
sodium chloride, while at 95®C. the average particle weight is decreased 
below 2000. Dye II appears completely dissolved in a 0.1 JV sodium 
chloride solution at 26®C. Diffusion measurements show that the dye is 
aggregated into micelles of a particle weight of at least 60,000. The 
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nucdles remam unchanged at temperatures up to 65°C. At 80**C. dis- 
persion is well imder way, and at 95°C. the average particle wei|^t is 
reduced to le» than 5000. Experiments with dyes III and lY show tiiat 
sodium chloride is a stronger agglomerating agent than sodium sulfate at 
elevated temperatures as well as at room temperature. 

TABLE 7 


Effect of temperature on aggregation of dyee in presence of electrolytes 


DTS 

DTS 

COMOSW- 

TEATtON 

BLMTBOLTTB 

BIBCTBO- 

LYTB 

COH€BH* 

TRAnON 

B 

Dx«r» 

fixio -* 

PABTtCUB 

WBIOBT 

(m) 

AQBBB- 

OATtOB 

NO. 


graim p«r 
liter 


N 

• c . 

cm.* per 
eeeond 

em. 



I 

0.5 

NaCl 

0.107 

25.0 


16.0 

17880 

28 


1.0 


0.107 

60.1 


13.7 

11220 



1.0 


0.107 

65.8 


10.2 

4630 



1.0 


0.107 

80.0 


9.3 

3610 



1.0 


0.107 

95.5 

10.05 

9 0 

3180 


II 


NaCl 

0.107 

25.1 

0.96 

25.3 

64950 

87 


WSM 


0.107 

50.1 

1.75 

24.6 


80 




0.107 

65.5 

2.26 

25.2 

64180 

86 


1.0 


0.107 

80.6 

3.86 

18 8 

26650 

36 


1.0 


0.107 

95.4 

7.80 

11.3 

5790 

7.7 

III 

1.0 

NaCl 

0.01 

50.5 

6.25 

8.2 

2120 

3 1 


1.0 


0.025 

50.5 

4.3 

10.0 


5.7 


1.0 



50.5 

3.35 

12.9 

8280 

12 


1.0 



50.5 

1 . 19 * 

36.3 


272 


1.0 


0.05 

65,2 

5.32 

10.6 

4590 

6.8 


1.0 


0.10 

65.2 

3.5 

16.2 

16400 

24 


1.0 


0.10 

94 2 

10.92 

8.1 


3.0 

III 

1.0 

Na^SOi 

0.05 

50.5 

4 09 

1 

10.6 

4590 

6.8 


1.0 


0 . 075 * 

50.5 

1 . 28 * 

33 8 


219 


1.0 


0.05 

65.2 

5.76 

9.8 

3630 

5.4 


1.0 


0.10 

65.2 

4.83 

11.7 

6180 

9.1 


1.0 


0.10 

94.2 

11.62 

7.6 

1690 

2.5 

IV 

1.0 

NaCl 

0.1 

94.2 

11.8 

. 7.5 


2.5 


1.0 

NatSOd 

0.1 

94.2 

12.88 

6.9 


2.0 


* Dye partially precipitated in cell. 


The data presented idiow that with the possiVle exception of dye II, the 
representative acid and substantive dyes studied by a number of workers 
are close to the molecular state in solution in the abs^ce of electrolytes. 
The addition of inorganic electrolytes agglomerates both types of colors; 
substantive dyes are much more strongly aggregated than are acid dyes 
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at the same salt concentrations. Elevation of the temperature disperses 
the dye micelles. Data on technical dyestuffs (16) show that a number 
of strongly substantive dyes are aggregated to micelles of at least one 
hundred molecules in 0.1 iV sodium chloride. The data of this paper 
indicate that the degree of aggregation of substantive dyes in 0.1 sodium 
chloride at the boil is less than ten molecules per micelle, and that in most 
cases the dyes approach the molecular state under practical dyeing con- 
ditions. 


V. RELATION OF PARTICLE SIZE TO 8UBSTANTIVITY OP DYES 

It is well established that electrolyte-free cellulose has very little aflEinity 
for chemically pure dyes. The addition of an inorganic electrolyte, as 
sodium chloride, is required to promote the adsorption of dyes on cotton 
and rayon. The relative importance of the salt on the electrokinetic as 
compared with the mechanical factors in the dyeing process has been a 
source of extended experimentation and speculation. 

Schaffer (36) states that a particle diameter of 4.5 millicrons represents 
the limiting size above which dyeing does not occur on cotton. The 
authors (16) showed from a study of the properties of twelve technical 
substantive dyes that dyeing at 25®C. on cotton does not progress readily 
unless the radius of the dye particles is less than 18 X 10“* cm. Further 
studies (14, 16) were made with purified dyes. Dye I and dye II offer 
an interesting comparison, since they are markedly different in their 
dyeing properties and colloidal characteristics. The average particle 
radius of dye I in a dye bath containing 6.25 g. of sodium chloride per 
liter is less than 18 X 10“* cm. (the estimated maximum for dyeing) over 
the temperature range 25° to 95°C. Dye II in a similar dye bath remains 
aggregated to particles of average radius greater than 18 X 10~* cm. at 
temperatures up to 66°C. and possibly to 80°C. The particle radius 
rapidly decreases above 80°C. In dyeing experiments carried out to 
equilibrium, dye I is adsorbed by cotton most heavily at 25°C. ; the degree 
of adsorption of dye I at the boil is only 40 per cent as great. Dye II is 
adsorbed by cotton from the dye bath very much less at temperatures 
below 65°C. than at temperatures greater than 80°C. Approximately 
four times as much of dye II is adsorbed at the boil as at 25°C. Rapid 
adsorption of dye II occurs only at temperatures above 75° to 80°C.,i.e., 
at temperatures sufficiently great to disperse the dye to aggregates smaller 
than the maximum size for dyeing. The data are interpreted as showing 
that the highly salt-sensitive dye II is much more substantive to cotton 
than dye I. Marked adsorption of dye II is not obtained unless the proper 
degree of dispersion in the dye bath is obtained to permit penetration of 
the dye particles into the intermicellar spaces of the cotton. 

Dyeing experiments were carried out with dye III and dye IV in which 
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com{>ari8ons w«re made <rf the d^^ree of adsorption of the dye by oottcm 
at the end of one hour. The dye baths contained varying ooneenttaticms 
<rf sodium dilotide and soditun sulfate up to 0.2 N, while the temperatures 
were 25°, 50°, and 100°C. The data obtained show that the marked 
differences in the degree of aggregation of dye III and dye IV in salt 
solutions are reflected in the dydng process. Adsorption of dye IV, 
whose average particle radius is always well below 18 X 10~* cm., in- 
creases with increasing electrolsrte concentrations and decreadng tem- 
peratures. In contrast, with dye III an optimum concentration of elec- 
trolyte exists above which the rate of adsorption is decreased at 25° to 
50°C. This decrease, occurring at a 0.05 N salt concentration at 25°C. 
and a 0.075 N salt concentration at 50°C., corresponds with the attaiiunent 
of an average particle radius in the dye bath greater than 18 X 10~* cm. 

Neale (6, 7, 9, 22, 23) and his coworkers have shown with a number of 
substantive colors that increasing concentrations of salt in the dye bath 
increase the absorption of dye, while increasing temperatmes decrease 
the absorption of dye by cellulose at equilibrium. It is the point of view 
of the authors that these generalizations hold true only if the average 
particle size of the dye micelles in the dye bath permits penetration into the 
intermicellar spaces of the cotton. An average micellar radius greater 
than 18 X 10~* cm. may act to retard the rate of dyeing without affecting 
the degree of adsorption at equilibrium, or it may inhibit dyeing to pro- 
duce appreciably weaker dyeings. For example, a dye-bath of dye III 
containing 0.075 N sodium chloride at 50°C. is 95 per cent exhausted on 
cotton in one hour. At this concentration of salt the dye is partially pre- 
cipitated from the bath and the average particle radius is 36 X 10~* cm. 
This average particle radius for the dye in a bath which is partially floccu- 
lated indicates that a portion of the micelles is present as particlei^ of radius 
less than 18 X 10“* cm. It is inferred that as the micelles in the dyeing 
range are adsorbed, the larger micelles disperse to maintain the distribution 
of particles in the bath; and that the dyeing process is continued in this 
manner until the bath is exhausted. Morton (21) reached the same con- 
cluaon for other dyes from a different experimental basis. Dye II, in 
contrast to dye III, is not heavily adsorbed from the bath even after three 
weeks, unless the average particle radius is below the estimated ma xim um. 
Adsorption of substantive dyes by cotton from a bath containing micelles 
of an average particle radius greater than the maximum is either retarded 
or partially prevented, depending on the size distribution of the particles 
which go to make up the average radius and the rapidity with which this 
distribution is reestablished when it is disturbed by the adsorption proc- 
esses occurring during the dyeing of cellulose. 

All recent evidence shows that excellent dyeing with substantive colors 
on cotton may be obtained from baths containing micelles ci any average 
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radius below the estimated maximum. The data do not support a mechan- 
ical theory of dyeing; micelles of the same average radius in the dye bath 
vary widely in their dyeing characteristics. Since practical experience 
has shown that temperatures near the boil are best for dyeing substantive 
dyes for cellulose, it is probable that the best levelness and penetration in 
practical dyeing processes is obtained when the particle size of the micelles 
is nearest the molecular state. 

The evidence presented in this paper shows that the substantivity of the 
dye molecule for cotton is qualitatively related to its salt sensitivity. 
The degree of adsorption of substantive dyes at the boil increases, and the 
ease of reversibility of the dyeing process decreases with increasing salt 
sensitivity. It is probable that the same forces which lead to an agglom- 
eration of molecules of substantive dyes into micelles are instrumental in 
causing adsorption of the dye by cellulose. 
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In order to make clear the significance of the main results to be reported 
briefly in this paper, and indicated in its title, some introductory explana- 
tion is called for. 

The basic idea ufiderlying nearly all of present-day theory of chemical 
kinetics is that only activated molecules react, and that the absorption of a 
critical increment of energy is the process of activation. From this point 
of view reaction velocity is thought to depend merely upon the proportion 
of the total molecules having a certain energy content or distribution; little 
or nothing is said about other properties the reacting molecules must pos- 
sess. The r61e of catalysts, according to this view, is either to provide a 
different reaction path for which a lower activation-energy level suffices, 
or to furnish energy-rich molecules to supply the activation energy. 
Without venturing to estimate, in general, how successful the theoretical 
treatment based on these concepts is in predicting specific reaction veloc- 
ity, it seems to the writer that there is reason to doubt whether the energy 
concept alone is adequate to account for the velocity of many reactions in 
solution. Additional concepts of a different sort appear to be necessary. 

Because many, perhaps most, ionic reactions in solution are immeasur- 
ably rapid it has seemed to some logical to infer that ions in general are in 
an activated state and require for reaction little or no added energy of 
activation. In making this generalization it appears to have been over- 
looked that there are many cases where demonstrably ionic — and demon- 
strably ‘‘active” — substances, thermodynamically capable of substantially 
complete reaction, fail to react or react very slowly. And so far as I know 
no basis has been suggested for predicting whether a given ionic reaction 
will be immeasurably rapid or very slow. That there are cases of very 
slow reaction between demonstrably “active” ions — and also cases of very 
rapid reaction involving uncharged molecules — ^would seem to disprove 
the idea that the ionic state, without further qualification, represents a 

^ Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936, 


1021 



1022 


p. A. BaxwFsaa. 


kmeticaUy activated state. If this argument is valid, the question arises 
as to what other factors determine reaction velocity. 

Some of the striking cases of slow ionic reactions are found among in- 
organic oxidation-reduction systems. Survey of a number of these (and 
comparison with rapid reactions of similar type in which one of the “slow” 
reactants participates with a different partner) led to the hypothesis that 
one important factor is the equality or inequality of valence change be- 
tween oxidant and reductant. One of the most remarkable cases is the 
failure of reaction even on boiling of ceric sulfate and thallous sulfate, both 
components of reversible, ionic, eleetromotively active couples. When 
separated as half-cells of a battery or with a number of catalysts the reac- 
tion is fairly rapid and complete at room temperature (10). Another 
example: titanous chloride (a powerful reducing agent) and iodine in po- 
tassium iodide (a fairly strong oxidant) are toward many other substances 
very rapidly reacting reagents. Both are also eleptromotively active 
toward inert electrodes. It is therefore surprising to find that on mixing 
these two solutions (both in 1 Af hydrochloric acid) reaction is quite slow, 
the half-period with 0.01 N concentrations being nearly an hour at room 
temperature. (A number of similar cases, some much more striking, have 
been examined.) 

According to the equi-valence change principle a probable explanation 
of the slowness of reaction is that Ti*+ can give up one electron but not 
two, while Is" (or I») can accept two but not one. This explanation is 
supported by the fact that in this and other similar slow ionic oxidation 
reactions various substances have marked catalytic effect which are able 
to be reduced in two steps by the reductant and thereafter to yield two 
electrons to the oxidant, or vice versa. 

Among the substances which exhibit marked catalytic effect on the 
Ti*+ and I" reaction are various dyes, notably indigosulfonates, pyocyanine, 
and other phenazines, and to less extent rosindulin, flavins, indophenols, 
and anthraquinone- and naphthoqiiinone-sulfonates. Can it be shown 
that these dyes owe their catalytic effect in this reaction to an ability to 
accept or yield one as well as two electrons? If so, the hypothesis sug- 
gests itself that the- same property may explain the marked catalytic effect 
of dyes in other reactions, notably in oxidations by molecular oxygexx, 
including biological respiration. As a matter of fact it was this last prob- 
lem, the “activation” or “transport” of Os in biological oxidations, which 
directed our interest to a study of the simpler ionic reactions.^ 

It was observed some years ago that while a number of inorganic ionic 

* The points referred to were discussed in some detail in a paper before the Federa- 
tion of American Societies for Experimental Biology at Cincinnati, April 12, 1933, 
and in later addresses before several local sections of the American Chemical Society, 
but have not so far been published. 
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oxidation reactions comply fairly well with the equi-valence change rule 
(that is, that reductants requiring the loss of one electron to pass to a 
known state of higher oxidation are rapidly oxidized by sufficiently power- 
ful oxidants capable of accepting one electron, but generally not rapidly 
by oxidants requiring two or more electrons), the components of organic 
reversible oxidation-reduction systems appeared to be exceptions to this 
rule. In virtually all of the many cases of dyes which had been examined 
at that time, the oxidant and reductant differed by a pair of electrons, and 
the point was emphasized, notably by W. M. Clark, that the two electrons 
appeared to be gained or lost together, not separately. Yet the oxidized 
forms were found to be reduced about equally rapidly by, for example, 
titanous chloride (yielding one electron) and by stannous chloride (yield- 
ing two). Similarly the reduced forms are as rapidly oxidized by ferricy- 
anide or ferric ions as by I 2 (or 18“), Hg‘*'+, or TP+, the last three being re- 
garded as two-electron oxidants. This exceptional behavior of dyes was 
obviously a serious objection to the equi-valence change idea, and left 
unexplained the very remarkable catalytic action of the dyes in, for ex- 
ample, the reaction of Ti*"^ and 1$“, where the addition of a very small 
concentration of indigocarmine enormously accelerates the oxidation. 

A possible way out of the difficulty was indicated by the discovery 
independently by Elema and by Michaelis of the two-step oxidation-reduc- 
tion of the natural pigment pyocyanine, and identification of the inter- 
mediate between the fully oxidized and fully reduced forms as a unimolec- 
ular free radical, a semiquinone. The property thus established for 
this pigment (and soon thereafter also for rosindulin by Michaelis) of losing 
one electron in each of two separate steps (as well as two electrons in one 
step) is precisely the property needed to account for its reactions with 
both one- and two-electron oxidants and reductants and for compliance 
with our hypothesis as to the r61e of pyocyanine in catalysis. In the mean- 
time the theory of the two-step reaction and semiquinone formation was 
formulated by Michaelis and by Elema (6). Could it be that the same 
property is possessed by the other organic reversible systems above named, 
even by those for which it has been looked for and not found? This has 
proved to be the case with a number of these systems, of such diverse 
structure that it now seems permissible to predict that the two-step oxida- 
tion-reduction with intermediate semiquinone formation may be a rather 
general property, in varying degrees, with many organic systems. 

The first case we studied was that of the indigosulfonates. These had 
been systematically investigated in 1923 by Sullivan, Cohen, and Clark 
(11), who found no evidence for the existence of an intermediate form. 
That an intermediate does nevertheless exist seemed probable from the 
fact that on cautious or slow reduction of indigocarmine at about pH 12 
a cherry-color appears between the blue and the yellow of the fully oxi- 
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dized and fully reduced forms. A careful reinvestigation of the four mdigo> 
sulfonates, in collaboration with Dr, P. W. Preisler and later with Dr, 
E. S. Hill and Mr. Robert Loeffel, gave data the interpretation of which, 
according to the principles of W. M. Clark and of Michaelis, proves the 
enstence of well-characterized semiquinones. Only preliminary (6, 7, 9) 
reports have so far been published. In the meantime the catalytically 
active natural alloxazine pigments, the flavins, were shown by Stem, 
Kuhn, Hastings, and Stare to exhibit the two-step property on reduction 
in acid solutions. (The flavins were found to be catalytic in the Ti*+ 
■ and I»~ reaction.) 

We next turned to the anthraquinonesulfonates, which have the ad- 
vantage of fair stability in highly alkaline solution, where Michaelis pre- 
dicted that anionic semiquinones should appear. The anthraquinone- 
sulfonates had been studied by Conant and coworkers (3), who observed 
abnormal slopes of potentiometric titration curves, which they interpreted 
as due to meriquinone formation. Dr. E. S. Hill and I (4) found with 
several of these quinones clear evidence that semiquinones are formed on 
reduction. On cautious reduction (or reoxidation) an intermediate re- 
veals itself by a characteristic color, the intensity of which is independent 
of dilution; the slope of the potential-titratidn curves increases syste- 
matically with rise of pH, the Eo values being independent of concentra- 
tion, Very recently Hill and I have reexamined also several hydroxy- 
naphthaquinones, including phthiocol, a pure sample of which was kindly 
funushed by Professor R. J. Anderson. The latter substance had been 
studied by Ball (1), who concluded that there was no evidence for semi- 
quinone formation or two-step oxidation. We find, however, what seems 
to be conclusive evidence with phthiocol of two-step oxidation-reduction 
at high pH, with semiquinone formation which reaches a maximum of 
about one-half of the total. The evidence is based on the criteria de- 
veloped in Michaelis’ theoretical analysis and mentioned above in con- 
nection with the anthraquinonesulfonates. Statement of the data and 
their interpretation will be presented in papers now in preparation. 

Finally Michaelis (8) reports data i^owing that j9-naphthaquinone- 
sulfonate exhibits semiquinone formation. We had also observed the 
abnormal slopes of titration curves and the existence of a colored inter- 
mediate with this quinone. 

It is significant for our argument that the naphthaquinones and an- 
thnuiuinones, as well as indigo, pyocyanine, flavin, and rosindulin are all 
markedly catalytic in the Ti*'*' and reaction and also in the oxidation 
ci {^ucose in so^um hydroxide solution by oxygen. 

There are of course many dyes capable of reversible oxidation-reduction 
and havii^ catalytic properties in oxidation reactions, for vdiich the two- 
step inocess has not so far been demonstrated. Whether in these cases 



CATALYSIS OF IONIC OXIDATION-REDUCTION REACTIONS BY DYES 1026 


also the existence of semiquinones can be proved remains to be seen. 
But in view of the variety of types of structure in which semiquinones have 
already been found, it seems not imlikely that this property is rather 
general among reversible organic oxidation-reduction systems, and the 
writer is disposed, tentatively, to attribute the catalytic activity of such 
systems in oxidation reactions to the possibly widespread existence of this 
property. It should be noted in this connection that there are doubtless 
other ways in which organic systems may exert catalytic activity, — such 
as complex formation. Also that substances capable of semiquinone forma- 
tion are not by any means all equally catalytic in any one reaction. The 
relative levels of the potentials — of the catalyst with respect to that of the 
primary reductant and of the primary oxidant — appear to be very im- 
portant. This point obviously concerns the old unsolved problem of the 
possible relation between dynamics and kinetics (2). 

In conclusion I desire to mention a point concerning the behavior and 
potential of molecular oxygen, and a suggestion as to the possible r61e of 
catalysts which promote aqueous oxidations by dissolved oxygen. The 
calculated potential usually cited for the oxygen electrode is 1.23 volts, 
a value which corresponds to a very intense oxidant, an intensity which if 
applied unchecked to biological systems should destroy them. The fact 
is somehow overlooked that this potential is for the reduction of O 2 to 
2 H 2 O, i.e., for the acceptance by O 2 of four electrons (and 4H+ ions). 
But if the reductant 3 delds to O 2 only two electrons (and 2H+ ions are 
added) H 2 O 2 is formed, and for this reaction the normal potential is only 
0.68 volt, which at pH 7 is not very far above the intensity level of methem- 
oglobin, an active natural oxidant. Since hydrogen peroxide is known to 
be formed in many autooxidations by air or oxygen, it seems probable that 
oxygen in aqueous solutions (including biological respiration) acts at this 
lower intensity level. If, however, it could be shown that reversible 
catalysts exist which are capable of yielding simultaneously four electrons 
to O 2 , (and subsequently accepting electrons in steps of one or two) the full 
oxidizing intensity of 1.23 volts might perhaps become available. By 
anchoring such a catalyst at a strategic point in the cell the large energy 
yield might conceivably be advantageously disposed of. Such a picture is 
pure speculation, but it provides a possible mechanistic reason for the 
known fact that the “oxygen-activating^^ type of respiratory catalyst is 
essential for the breathing of ceils. I know of no other suggestion as to 
why this type of catalyst is essential. 
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Although there is an extensive literature on the subject of adsorption by 
ionic lattices, our knowledge of the subject is still very limited. The 
adsorbent properties of ionic precipitates arc attributed to residual valence 
forces of the ions in the surface of the lattice. It should be realized that 
the residual valence forces of ions located on the edges are greater than the 
forces of those located on the plane surfaces, and the valence forces of 
ions located on corners are still greater than those of ions on the edges. 
Hence the adsorptive power of lattice ions located on comers is greater than 
that of ions on edges, and, in turn, the adsorptive power of ions on the 
edges is greater than that of ions on the plane surfaces. We will call the 
area occupied by ions not located on the plane surface, active surface. At 
present no method is available for the determination of the active surface. 
Knowing the microscopic dimensions of a particle, it is possible to calculate 
the fraction of the surface occupied by ions on the corners and the edges. 
However, the true active surface may be much greater than that calculated 
from the microscopic dimensions, since in the latter case it is tacitly 
assumed that the surfaces are plane. Actually, most of the surface, 
as a rule, is not perfectly flat, but rather irregular; it contains submicro- 
scopic pits and humps. Especially when dealing with relatively fresh 
ionic precipitates, the active surface is much greater than that calculated 
from microscopic measurements. Upon aging, a perfection of the particles 
takes place, and finally the active surface will approach the value cal- 
culated from the microscopic dimensions. 

In a study of the adsorbent properties of ionic precipitates it should be 
realized that quantitatively, as well as qualitatively, adsorption on the 
active surface may be different from that on the plane surface. There are 
many indications that colloidal suspensions owe their stability to potential- 
determining ions adsorbed on the active surface. Upon aging, the particles 
become more and more perfect, resulting in a decrease of the active surface 
and consequently in a decrease of the charge of the particles, and in a 
decrease of the stability of the sol. 

^ Presented before the Thirteenth Colloid Symposium, held at St. Louis, Mis- 
souri, June 11-13, 1986. 
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Various attempts have been made to derive rules which would permit 
certain predictions regarding the adsorbability of various ions. Ori^ally 
it was thought (F. Paneth) that the adsorbability of an ion increases 
with decreasing solubility of the compound formed between the adsorbed 
ion and the lattice ion of opposite diarge. The study of Beekley and 
Taylor (2) on the adsorption of silver salts on silver iodide showed that this 
relation between adsorbability and solubility holds very roughly only, 
and that numerous exceptions occur. Recently Kolthoff and MacNevin 
(13) investigated the adsorption of various barium salts on well-aged 
barium sulfate from a medium of 50 per cent ethanol. The following table 


TABLE 1 

Solubility and adsorbability 
Barium salts in 50 per cent ethanol on barium sulfate 


BARltTM SAX/r 

ORDBB or 
ADBOBBABUirr 
BXrBnBSBB IN 

a X 10«* 

BmLATXVB 
0OLI7BXUTT XN 
60 PBB OBMT 
BTHANOL 

OBDBB 

OF XMCBBABINO 
aOLOBIUTY 

1. Bromate 

1.80 

1 

1 

2. Formate 

0.91 

81 

3 

3n Nitrate 

0.69 

33 

2 

4. Perchlorate 

0 59 

1610 

7 

5. Chloride 

0.54 

223 

4 

6. Bromide 

/0.37 

848 

5 

7. Iodide 

\o.35 

1477 

6 

8. Thiocyanate 

0.26 

1663 

8 


X 

* a in the expression: - - acV»» (i/n » 0.38). 
m 


shows the order of adsorbability and solubility. It was found that the 
adsorption isotherm follows the Freundlich expresrion: 

— = ac^i* 
m 

1/n being about 0.38 for the various barium salts, and the constant a, 
given in table 1, being a measure of the adsorbability. 

Again it is seen that there is no close parallelism between adsorbability 
and solubility. Particularly the perchlorate is out of place; it is more 
strongly adsorbed than barium chloride, bromide, or iodide, although its 
solubility in 50 per cent ethanol is greater than that of the three halides. 
The adsorbabilities of the bromide and iodide are practically the same, 
although the solubility of the iodide is much greater than that of the bro- 
mide. Fajans and Erdey-Grdz (7) pointed out that in addition to solu- 
bility other factors, such as deformation, size of the adsorb^ ions, and 
dissodability of the adsorption complex formed -have to be taken into 
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account. Moreover, the charge (valence) of the adsorbed ions and the 
defonnability of the lattice ions will play a part. Considering the many 
factors that influence the adsorbability, it is quite plausible that the so- 
called Paneth-Fajans-Otto Hahn rule can be only of a highly approximate 
character. On theoretical grounds it might be expected that there should 
be a simple relation between the heat of solution of the adsorbed compound 
and its adsorbability; the latter should increase with decreasing heat of 
solution. Unfortunately, not enough data on the heats of solution in 
extremely dilute solutions are available in the literature to test the validity 
of the above rule. 

In making systematic adsorption studies, it is of great importance to 
distinguish between various kinds of adsorption which may occur. This 
distinction has been overlooked frequently in the literature. This neglect 
is the cause of considerable confusion regarding the interpretation of ex- 
perimental results, as will be shown below. In the following, five different 
kinds of adsorption will be discussed. 

1. Adsorption of a salt having an ion in common with the laUice: adsorption 
of poterUial-determining ions 

Ionic lattices have a pronounced tendency to adsorb lattice ions from a 
solution. As a matter of fact, the growth of an ionic crystal is a result of 
successive additions (adsorption) of lattice ions to (on) the surface of the 
growing particle. 

According to Haber and Beutner (8, 19, 25) the thermodynamic poten- 
tial E of an ionic precipitate, say of silver iodide is equal to: 

jp ^ ET I RT I 

£? = C + -p- In Oa,* = c" - In Oi- (1) 

in which C and C' are constants and Ag+ and 1“ the “potential-determining 
ions” (20). The adsorption of potential-determining ions is accompanied 
by the adsorption of an indifferent ion of opposite electrical charge, the 
total adsorption giving rise to the formation of the so-called double layer. 
With constant capacity of the double layer, the amount of 1“ or Ag+ (x) 
taken up by a given amount of silver iodide is proportional to E. Since 
£ is a linear function of In or In oj- it is found (1) that 

a: = All + log C /g) 

Ax = kA log C 

in which x is the amount adsorbed and C the concentration (actually the 
activity) of the potential-determining ion. 

It should be noted that according to equation 2, the amount of potential- 
determining ion adsorbed (*) is a simple logarithmic fimction of the activity 
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<d the ion in the solution, but that no provudon is made for the effect Of 
the indifferent ion whidi is adsorbed simultaneously. Still, we have seen 
before that the adsorption of a salt ccmtaining a lattice ion is also a function 
of the nature of the indifferent ion. 

The validity of equation 2 has been shown to hold true for one case 
only, namely, for silver iodide. Lange and Berger (21) determined the 
adsorption of silver nitrate and potasinum iodide on freiddy precipitated 
silver iodide at various temperatures. They found that the adsorption 
of the potential-determining silver and iodide ions agreed with the ex- 
presrion Ax = kA log C. They also concluded that silver ions are more 
strongly adsorbed than iodide ions at the same equilibrium concentration 
in the solution. This conclusion was based on .the erroneous assumption 
that neith» adsorption of silver ions nor of iodide ions occurs at the 
potentiometric end point or equivalence potential where c^g* = cj-. 
Verwey and Kruyt (28), working with well-aged electrodialyzed silver 
iodide sols, found that the adsorption of iodide ions follows the expression 
Ax ss kA log c. By extrapolation to the point of zero adsorption, they 
concluded that the zero point charge or isoelectric point of aged silver 
iodide is found at a silver-ion concentration of 10“* molar, hence in a solu- 
tion in which the silver-ion concentration is about 10,000 times greater 
than the iodide-ion concentration. In a precision study carried out in this 
laboratory by Kolthoff and lingane (12), it was found that the isoelectric 
point of fresh silver iodide is at pAg = 6.0 and that the adsorption of silver 
ions follows the expression Ax = kA log c. As a result of the asymmetric 
location of the isoelectric point the “equivalence potential” (ca** = 
Ci-) does not coincide with the stoichiometric end point. As a matter of 
fact, it was found that upon mixing silver nitrate with potassium iodide at 
room temperature, the silver iodide at the equivalence pot^tial contained 
0.1 of a per cent of iodide in excess. Expressed in other words, on mixing 
equivalent amoimts of silver and iodide the supernatant liquid contains a 
slight excess of silver and the precipitate a slight amoimt of adsorbed 
iodide. Ouly at the isoelectric point is the rilver iodide free of adsorbed 
silver or iodide salt. Hence it is impossible to prepare pure, relatively 
fresh silver iodide in equilibrium with its saturated solution in water 
(ca** =“ Cl-). The solid consists of pure silver iodide only when the 
silver-ion conc^tration in the supernatant liquid is equal to 10~* molar. 
Upon washing such a precipitate with water an adsorption of iodide ions, 
supplied by solution of the solid silv^ iodide, will occur. Upon continued 
wariiing the counter ions adsorbed with the iodide ions will be hydrogen 
ions, Bupi^ed by the water. 

liie amounts of silver and iodide adsori>ed by ibe fresh rilver iodide in 
the above*experiments were found to be extremely small, although the 
fresh silver io^e had an extr^nely large surface. Apparently the adsorp- 
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tion of ralver and iodide ions takes place on the active surface only. If 
the silver iodide was prepared by slow precipitation at 95"C. the a^orp- 
tion of ^ver and iodide ions was found to be reduced to almost negligible 
quantities, owing to rapid perfection of the particles with a resultant 
decrease of the active surface. 

Although theoretically not expected, it was found by Kolthoff and 
MacNevin (13) that the adsorption of barium salts from 50 per cent ethanol 
on barium sulfate does not foUow expression 2, but over a wide range of 
concentrations the relation A log x = feA log C. The barium sulfate used 
was a fine, well-aged product, the average dimension of the particles bring 
0.14 micron. From aqueous medium the adsorption of the barium 
salts was so small that it was hardly detectable. From a medium con- 
sisting of 50 per cent ethanol a marked adsorption occurred; apparently 
the energy of desolvation of the adsorbed ions is much less in this medium 
than in water. It may be mentioned that the possibility of the adsorption 
of im-ionized salt should not be overlooked. It is planned to make a more 
extenrive study of the medium effect upon the adsorption. It was noted 
that the barium sulfate, upon shaking with solutions of various barium 
salts in 50 per cent ethanol, had a pronounced tendency to go into colloidal 
solution. Hence, one would expect to be dealing with adsorption of 
potential-determining ions (equation 2). On the other hand, the amounts 
of barium salts adsorbed were found to be much greater than would cor- 
respond to an adsorption on the active surface only. It may be that the 
adsorption on the active surface is governed by equation 2, whereas the 
adsorption on the plane surface is determined by the Freundlich adsorption 
isotherm 


X = oc*^" or A log X = fcA log C (3) 

which expression was found to hold in this particular case. It may be 
mentioned that a marked adsorption of calcium bromate (in the form of 
Ca(OH)(BrOt) as a result of hydrolytic adsorption) and of potassium 
bromate was found from a medium of 50 per cent ethanol. In these cases 
we are dealing with a true salt adsorption in the absence of a potential- 
determining ion, and there is a possibility that in the above case the 
adsorption of the barium salts is mainly of the latter type. 

In the determination of the adsorption of a salt containing a lattice 
ion, equivalent amounts of cations and anions are found to be removed 
from solution. Such an experimental result does not alwaj^ allow the 
conclusion that equivalent amounts of potential-determining ions and 
indifferent ions of opposite charge are actually adsorbed. There is a 
possibility that an exchange, discussed in the following paragraph, occurs 
with subsequent precipitation of the excess of lattice ions in solution, 
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with lattice ions of opposite charge sent into solution, as a result of ex- 
change. 

2. Exchange adsorption between lattice ions in the surface and foreign ions 

from the solution 

When an ionic precipitate is in equilibrium with a solution, the speed 
with which ions leave the surface is equal to the speed with which the ions 
deposit from the solution on the surface. The equilibrium is kinetic 
rather than static. One might say that there is a statistical distribution 
of lattice ions between the surface and the solution. The determination 
of the specific surface of lead salts with thorium B as radioactive indicator 
(23, 15) is based upon this principle. Upon shaking a lead salt with a 
solution containing thorium B; the following relation holds when there is 
kinetic exchai^e equilibrium: 

(ThB surface) _ (Pb surface) 

(ThB solution) (Pb solution) 

When the solution contains foreign ions which are strongly adsorbed by, 
and fit into, the lattice a similar exchange may be found between the lattice 
ions and the fordgn ions. For example, upon shaking barium sulfate 
with lead chloride it was found (22) that lead ions but no chloride ions were 
removed from solution. Moreover, it was found that for each lead ion- 
removed, a barium ion entered the solution. These experiments show 
conclusively that the “adsorption” of the lead ions involves an exchange 
reaction, represented by the equation 

BaSO* + Pb++ ► PbS04 + Ba++ 

Surface Solution Surface Solution 

Part of the barium ions in the surface are replaced by lead ions. Quan- 
titatively the adsorption is determined by neither equation 2 nor equation 
3 (case I) but by an expression similar to equation 4: 

(Pb surface) _ ^ (Ba surface) 

(Pb solution) (Ba solution) 

in which K represents the distribution coefficient of lead between solution 
and the surface of barium sulfate. The value of K has been determined 
"by Kolthoff and MacNevin (14) by working with barium sulfate of kno-wn 
surface; it was found to decrease with increasing mcfie percentage of lead 
in the surface of lead sulfate. A siimlar exchange occurs in the following 
cases: 
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BaSOi + Cr07~ BaCrOi + SO 4 ~ 

AgCl + Br- > AgBr + CI" 

Surface Solution Surface Solution 

In all these cases the foreign ion fits in the lattice of the adsorbent, and its 
size is of the same magnitude as that of the replaced ion. 

It was foimd in this laboratory that an exchange of the above nature is 
not limited by the similarity in size of the exchanging ion and the ex- 
changed lattice ion. As a matter of fact, it is even not necessary that both 
ions carry the same charge. Below are given some examples of exchange 
reactions that have been studied, thus showing the general occurrence of 
the phenomenon; in each case the literature reference follows the equation. 


3 PbS 04 + 2Ponc. — — > Pb»(Ponc.)i + 3 SO 4 — (16) 

PbS 04 -|- wool violet — > Pb wool violet -j- SO 4 — (17) 

CaOx -I- SO 4 -- CaS 04 + Ox— (18) 

CaOx 4- Ba++ — > BaOx -H Ca++ (18) 

AgCl -f eosin~ —* Ag eosin + Cl“ (10) 

BaS 04 + 210,- Ba(IO,), + SO 4 — (22) 

2AgCl + wool violet — — » Ag, wool violet -f 201“ (29) 


In none of these cases is an equivalent adsorption of cation and anion found, 
the exchanging ion being removed only, whereas an equivalent amoimt of 
exchanged lattice ion is sent into solution. It is possible to interpret the 
experimental results by a mechanism different from an exchange, although 
it should be stated that the other interpretations are not very plausible in 
the cases referred to. More work should be done in order to decide whether 
all the exchange reactions occurring can be interpreted by the same mech- 
anism. Let us take as an example the adsorption of wool violet on lead 
sulfate (17). On shaking lead sulfate with the sodium salt of wool violet 
it was shown experimentally that the dye ion is removed from solution, 
no sodium ion being adsorbed, and that for each adsorbed wool violet ion 
a sulfate ion is sent into the solution. The experimental results were 
interpreted by an exchange mechanism. However, another possible 
explanation is that the wool violet is adsorbed as lead salt on the surface 
of lead sulfate, the lead ions being furnished by the saturated solution 
of lead sulfate. As a result of the disappearance of lead ions, the solution 
is no longer saturated with the solid, and more lead sulfate will go into 
solution until equilibrium is restored. The final result then is that equiv- 
alent amounts of lead and wool violet ions leave the solution and the latter, 
therefore, must contain sulfate ions in excess. Verwey (26) has proposed 
a mechanism different from exchange and from the adsorption of the lead 
salt of wool violet. According to his interpretation there is a possibility 
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oi the formation d a trqde layer, the dye ions bdng truly adecnrbed <m the 
surface, ^oe the thermodynamic potential of the precipitate is hardly 
dumged by Hie adsorption, sinne lead ions are adsorbed in Hie surface, but 
most of the lead ions are adsmbed as counter ions. If this interpretation 
is correct it should be possible to replace the lead ions adsorbed as counter 
i(me by any oHier cation. Such experiments have not yet been made. 

■At this point we Hiould add a few words to what has been said in the 
preidous secHon (case I) on the mechtmism of the adsorption of a salt 
having an ion in common with the lattice. If the ion of the salt foreign 
to the lattice gives a marked exchange with the lattice ion of the same 
electrical sign in the surface, we cannot conclude from the experimental 
results that an equivalent adsorption of lattice ion and foreign ion has 
occurred. It is true that equivalent amounts of lattice ion and foreign 
ion are removed from solution, but the foreign ion may disappear as a 
result of exchange and the lattice ion by precipitation in the form of the 
adsorbent itself. Let us consider as an example the adsorption of the 
4ead salt of wool violet on lead sulfate. The primary reaction is the follow- 
ing exchange: 

PbSO« + wool -violet — — ♦ Pb wool violet + 80« — 

The sulfate ions entering the solution as a result of exchange are pre- 
dpitated as lead sulfate by the excess of lead ions in the solution 

Pb++ + SO 4 -- PbSO* 

From the analytical results one might conclude that the lead sdt of wool 
violet is adsorbed; actually, however,. the wool violet k removed by ex- 
change and the lead ions by precipitation. In experiments carried out by 
Sandell (18) it was found that iodate ions give an exchange with oxalate 
ions on the surface of calcium oxalate, but no exchange occurred between 
iodide and oxalate ions. Even the adsorption of calcium iodide on cal- 
dum oxalate was found to be negligibly small, whereas the adsorption of 
calcium iodate was pronounced. Naturally an excess of cdcium ions in the 
solution favors the exchange between iodate and oxalate ions in the surface 
of Hie lattice, as the concentration of the oxalate ions in the solution is 
decreased by the excess of calcium. Hence, it is quite possible that in this 
case again we are dealing with an exchange of iodate ions and a subsequent 
predpitaticm of caldum oxalate. 

8. Exdumge between adsorbed "counter ions" and foreign ions in the solution 

It is well known that colloidal solutions owe thdr stability in the first 
place to a primary adsorpHdn of lattice ions, an equivalent amount d 
fordgn ions of opposite sign bdng adsorbed as counta: ions in the mobile 
part of the diffuse dodUe layer. Exchange between these counter ions 
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and other ions of the same electrical sign in the solution is determined in 
the first place by the Schulze-Hardy rule, the exchange ability of an ion 
increasing strongly with its valence (charge) as shown by Yerwey and 
Kruyt (28) in the case of silver iodide sols. Such an exchange also occurs 
after the flocculation of the particles, and should be distinguished from 
true adsorption. Exchange of counter ions does not result in an equivalent 
adsorption of forrign cation and anion from the solution, but in a removal 
of the exchanging ion, the latter being replaced by an equivalent amount 
of the counter ion originally present on the surface. Silver iodide, for 
example, even after a thorough washing process, contains adsorbed iodide 
ions and an equivalent amount of hydrogen ions as counter ions. If such 
a precipitate is shaken, say, with a dilute lead nitrate solution, no nitrate 
ions are adsorbed, but lead ions exchange with hydrogen ions: 


Agll- 


H+ + iPb++ 


Agll- 


iPb++ + H+ 


The quantitative relation between amount adsorbed and concentration is 
quite different from those discussed in the previous paragraphs. For 
two equally charged ions, for example H"*" and K'*', Verwey (27) derived 
that exchange equilibrium* is determined by the expression : 


/ •urf«o» xK**” / •olution 


( 6 ) 


Apparently activities instead of concentrations should be written in the 
above expression. However, as long as we are dealing with two ions of the 
same electrical charge, the concentration relation may be expected to hold 
within a wide range of ionic strengths. When the two ions differ in charge, 
the expression may be expected to become extremely complicated. With 
the md of the Debye-Hiickel expression, the activity coefficients of the 
two ions in the solution can be calculated approximately with a reasonable 
accuracy, but nothing is known of the activity coefficients in the double 
layer. It well may be expected that the activity coefficient of the ions in 
the double layer will be a function of the thickness of the latter. This 
thickness depends on thfe kind and particularly on the valence of the 
coimter ions, thus making a theoretical solution of the problem still more 
complicated. Numerous studies on the quantitative relationships in 
exchange reactions on zeolites and soils have been described in the litera- 
ture, but the significance of activities has not been considered. It should 
be added that even in the simple case represented by equation 6 it is 
doubtful whether the value of K may be considered to be constant, when 

’ See, however, the statistical treatment by Jenny (J. Phys. Chem. 40, 501 (1936)), 
which is quite different. 
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llie surface (M^taios centra d varying activities. Especially when dealing 
with ^changing ions of different chai^, K may be expected to be a 
function of the activity of the surface. Summarizing then, it may be 
stated that our knowledge of the qxumtitative relationships of the exchange 
of counter ions is still very limited and that more systematic work is 
desirable. 

A distinction between exchange of counter ions and other types of 
adsorption becomes of primary importance in studies on the adsorption 
of radioactive ions, in which the amounts of adsorbates used are extremely 
small. In comparing the kinetics of the. adsorption of different radio- 
active ions, one has to ascertain in the first place whether one is dealing 
with the same kind of adsorption. This has been overlooked by Imre (9), 
who compared the adsorption of actinium (a lanthanum homolog) and of 
thorium B (a lead isotope) on barium sulfate. In the former case he un- 
doubtedly was dealing with an exchange of counter ions: 

3(BaS04S07- i 2H+) + 2Act+++ >. 3(BaSO«SOI-) I 2Act++++ + 6H-»- 

I I 

in the latter case also with an exchange between thorium B and barium 
ions in the surface of barium sulfate. 

BaS04 + ThB++ -» ThBS04 + Ba++ 

For this reason the time-adsorption curves of these two ions are not com- 
parable. 

4. Molecular adsorption of nonrdectrdytes and true adsorption of salts 

Pure precipitates with ionic lattices attract and adsorb water from the 
atmosphere; this adsorption of water increases with increasing surface 
development of the precipitate. The adsorbed water can be held very 
tenaciously. deBoer and Dippel (3) were unable to remove adsorbed 
water from calcium fluoride at room temperature in a high vacuum. Even 
upon heating, the adsorbed water was not given off; at 400‘*C. the water 
layer could be removed, not by desorption but as a result of a chemical 
reaction: 


CaF, HjO CaF(OH) + HF 

Miss deBroeckdre (5) found that water adsorbed on barium sulfate was 
not removed after heating to 250‘’C., bpt that at temperatures between 
250° and 300°C. it was desorbed quantitatively. Moreover, she claims 
tluirt the water may be adsorbed in a monomolecular layer. Qualitatively 
as well as quantitatively, results obtained in this laboratory differ from 
those of deBroeckdre ; a &al discussion of the matter will be postponed until 
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more conclusive information has been obtained. Not only water, but also 
other substances with a dipole character can be adsorbed in a molecular 
form. We found, for example, that water-free precipitates may adsorb 
considerable amounts of methanol. In the Harkins^ method for the deter- 
mination of the specific surface with higher fatty acids, use is made of the 
fact that on the saturated surface these acids form a monomolecular layer, 
the orientation of the adsorbed molecules and their diameter on the surface 
being known. 

Considering the strong electrical field around the cations and anions in 
the surface of the lattice, it may be expected that not only dipoles may be 
adsorbed, but ions as well. Thus, on shaking of an ionic precipitate 
with a solution of a salt having no ion in common with the lattice, an 
equivalent adsorption of cations and anions may be anticipated. Actually 
it is claimed by deBroeckfere (6, 24) that various chlorides, bromides, and 
iodides are adsorbed on the saturated surface of barium sulfate as a mono- 
molecular layer, and that the relation between adsorption and concentra- 
tion is quantitatively expressed by equation 3. From dilute aqueous 
chloride solutions there is mainly an adsorption of water molecules, the 
latter being gradually replaced by the metal chloride with increasing 
concentration of the latter in the solution. We (11) have not been able to 
duplicate deBroeckfere’s experiments, and a final discussion must be post- 
poned until later.* 

Recently it has been found in this laboratory (13) that the adsorption of 
salts depends greatly upon the nature of the solvent. For example, we 
found that the adsorption of potassium and calcium bromate on barium 
sulfate was negligibly small from dilute aqueous solutions, whereas a 
pronounced adsorption occurred from solutions of 60 per cent ethanol. 
The potassium bromate gave an equivalent adsorption of cations and 
anions, but in the case of calcium bromate, a hydrolytic adsorption as 
Ca( 0 H)Br 03 occurred. We plan to study this medium effect in greater 
detail. 


6. Activated adsorption 

In the preceding section we have seen that non-electrolytes and very 
weak electrolytes may be molecularly adsorbed on the surface of ionic 
precipitates. If the adsorbate is a weak acid and the adsorbent a base 
(hydrous oxides) two different kinds of adsorption may occur; 

a. Molecular adsorption. This type of adsorption, for example, occurs 
upon shaking a suspension of hydrous aluminum oxide with dilute solutions 

* Miss de Broeck^re and the author will exchange samples of barium sulfate, in 
order to decide whether the discrepancy can be attributed to a great difference in 
specific surface of the products with which the work was performed. 
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ci idie&oli^thakin or thymolpihthal^, in which case the undiesociated 
add molecoleB are adsOT^. 

b. Activated adeorpUon. If the adsorption energy is great enough to 
overcome the dissociation energy of the adsorbate, the latter will be 
adsorbed in the ionized form. This case occurs, for example, upon 
shaldng a suspension of lanthanum hydroxide with thymolphthaldn: 


OH- 

La+++ OH- + HA 
OH- 


La+++ 


H,0 

A- 

OH- 

OH- 


Lanthanum hydroxide is a strong, but only slightly soluble base, its satu- 
rated solution in water having a pH of about 9. At this pH thymolph- 
thaldn is still present in the colorless form. When a stispension of the base 
is shaken with the indicator the color turns to a beautiful blue. After 
settling, the supernatant liquid is colorless; but the precipitate, containing 
the adsorbed indicator in the ionized form, is strongly colored. This 
distinction between molecular and activated adsorption may permit us to 
draw definite conclusions regarding the basicity of the hydrous oxides in 
the solid state. 

Dependent upon the experimental conditions, a substance may be 
adsorbed in the molecular or activated form. Reference is made to the 
beautiful investigations of deBoer (4) and coworkers on the adsorption of 
alizarin and other compounds from the gaseous phase on thin sublimed 
layers of calcium, barium, and strontium fluorides and barium chloride. 
At t^peratures below 300**C. a molecular adsorption of alizarin on calcium 
fluoride occurs. The adsorbed dye has a red-brown color and can be 
extracted completely with amyl alcohol. When the temperature is in- 
creased to 400*’C. the color of the adsorbed alizarin changes from a red- 
brown to a brick-red. The dye is now adsorbed in the activated state 

CaF, 4- aliz. Ca aliz. + 2HF 

and cannot be removed from the surface by extraction with amyl alcohol. 
Treatment with hydrochloric acid is necessary in order to decompose the 
adsorption compound. In this case of activated ademption the fluoride 
ion in the calcium fluoride functions as the base similar to the hydrojQrl 
ion in the lanthanum hydroxide. 

Schematically the two kinilB adsorption may be represented in the 
following way: • 
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O 



O 

Alizarin 


Alizarin 

Alizarin 

-U_ 
i i 

H H 

I 1 

1 1 

0 0 

F F 

Ca Ca n 

Ca Ca 

F F 

F F ^ 

Molecular 

Activated 

adsorption 

adsorption 


In this case the type of adsorption is determined primarily by the dis- 
sociatiod energies of the adsorbed acid and of hydrofluoric acid. If the 
adsorbate is a relatively strong acid, its proton can be captured by the 
fluoride ion at low temperatures and an activated adsorption will be found. 
This case occurs with picric acid. If, on the other hand, the adsorbate is 
an extremely weak acid, such as p-nitrophenol, a molecular adsorption 
will result only, as the dissociation energy of the adsorbed acid is much 
greater than that of the hydrofluoric acid. The case of alizarin is inter- 
mediate between these two: at lower temperatures (300®C.)its dissociation 
energy is greater than that of hydrofluoric acid (we neglect polarization 
of the alizarinate or fluoride ion), at higher temperatures the reverse is 
true. 

Comparable to this case is the adsorption of water on calcium fluoride. 
We have seen that at low temperatures the water is adsorbed in the molec- 
ular form, but that at 400®C, an activated adsorption occurs with the 
evolution of an equivalent of hydrogen fluoride. 

SUMMARY 

In systematic studies of the adsorbent properties of ionic precipitates 
distinction has to be made between different types of adsorption. These 
various types are discussed from a qualitative and quantitative viewpoint. 
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It has been known for some years that certain sols, on standing, form 
gels which can be reliquefied by shaking. This phenomenon was first dis- 
covered by Schalek and Szegvary (13) in 1923 for ferric oxide sols to which 
a small amount of electrolyte, for example, sodium chloride, had been 
added. Since then many cases of this isothermal reversible sol-gel trans- 
formation, which Freundlich has termed ^ ^thixotropy, have been re- 
ported. 

Bentonite, a clay-like material, probably of volcanic origin and found 
largely in Wyoming, exhibits thixotropy to a marked degree in aqueous 
suspensions. Suspensions of suitable concentration will set to a gel in 
a few seconds, although a number of other factors materially influence this 
setting time. Particle size undoubtedly plays a great part, since centri- 
fuged suspensions will give dispersions showing thixotropy down to at 
least a concentration of 1 per cent, whereas ordinary bentonite sus- 
pensions require a concentration of over 4 per cent.® The hydrogen-ion 
concentration of the suspension, as might be expected, was also found by 
Freundlich, Schmidt, and Lindau (5) to be of great importance. Acid- 
washed bentonite or electrodialyzed bentonite suspensions do not show 
thixotropic behavior. In this paper the effects of temperature and con- 
centration upon gelation are described. No attempt has been made to 
determine the influence of pH, the hydrogen-ion concentration being kept 
as constant as possible. 

METHODS OF MEASUREMENT 

The investigation of thixotropy is greatly hampered by the lack of an 
adequate method of measurement. The inverted-tube method first in- 
troduced by Schalek and Szegvary (14) has been most commonly used. 
The sol is introduced into a tube, which is stoppered or preferably sealed 

* Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 

* Fellow of the Salters’ Institute of Industrial Chemistry, London, England. 

* Centrifuged dispersions will be termed ** ultrabentonite” in the following in 
order to distinguish them from ordinary bentonite suspensions. 
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off. After vigorous shaking the tube is allowed to stand \mdisturbed in a 
vertical position for a known time and then inverted. If flow oocuis 
down the wall of the tube, the sol is said to be stall liquid. If no flow is 
apparent then the sol is said to have solidified. By trial and error a time 
interval can be found below which flow octmrs and above which there is no 
flow. This is called the setting time; its reciprocal is taken as the rate 
of gelation. 


TABLE 1 

The effect of the amount of material upon the time of aetting 
Ultrabentonite, 2.00 per cent; pH, 7.84; T, 27.5”C. 


TUBS DlAJtSTBB 

AMOUlfT or UQXTXD 

■■TTINOTIMB 

mm. 

ee. 

Mcond* 

7.6 

1 

405 


1.5 

395 


2.0 

405 

9.6 

1.0 

14S5 


2 0 

1485 



Fig. 1. Effect of diameter of tube upon time of setting of ultrabentonite at 27.5°C. 

Theoretically, it is seen that this setting time mxist depend upon a 
number of factors, — the strength of the gel formed,- its weight, the sinface 
tension of the suspension, etc. Practically, it varies greatly with the 
diameter of the tube; also great care has to be taken in inverting the tube, 
once sliiht shaking may cause flow to occur when^ne would take place 











OEIi/lTION OF BENTOMITB BtrSFBKSIONB 


1043 


with gentle inversion. V^th care consistent results can be obtained, 
although these vary with the observer. One would desire a true history 
of the development of gel structure, i.e., of resistance to initiation of flow, 
but the inverted-tube method unfortunately oifly gives one point upon 
such a curve.* 

In spite of the extensive use of the inverted-tube method, little appears 
to have been published upon the influence of amoimt of material enclosed 
in the tube, the diameter of the tube, etc. As is evident from table 1, 
within reasonable limits the former has no effect upon the setting time. 

On the other hand, the diameter of the tube has a very marked effect. 


Z IN SECONDS 



Fia. 2. Effect of diameter of tube upon setting time at 27.5®C. O, 6.60 per cent 
bentonite; 0, 2.09 per cent ultrabentonite. 

as seen from figure 1. Approximately, at least, the relation between tube 
diameter and setting time for a given suspension and temperature is 

^ = kD- ( 1 ) 

where z is the setting time, D the internal diameter of the tube, and k and 
n are constants. Figure 2 shows that the diameter of the tube has a greater 
influence upon ultrabentonite than upon the crude suspensions. Its in- 
fluence also decreases with temperature. 

The values of k and n unfortunately vary according to the suspension 
examined, so that no general correction factor can be given for changing 
tube diameter (table 2). Furthermore, as will be shown later, the tem- 
perature coefficient of the setting time of a given suspension is not indepen- 
dent of the tube in which it is measured. 

* As Freundlich and Rawitz^r (4) have stated, “The setting time is characterized 
neither through a certain variation of tensile strength nor through an abrupt vari- 
ation in the velocity of transition. In no respect does it represent a unique point 
on the solidification curve. For comparison of different sols the setting time is 
nevertheless very suitable. “ 
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These ooosideratioiis led to tiie view tiiat anotiber method of measuring 
the rate of gelsrion of thixotropie susp^udoas w(Hild be desirable. 
Freundlich and Rawitzm* (4) measured the tenrile stresgth of a ferric 
oxide sol by means of a cup suspended by a torsion wire in the sol contained 
in an outer cylinder, whidi could be rotated. Pryc^Jones (12) adopted a 
tdmilar but more elaborate device. Such methods, while us^ul in showing 


TABLE 2 

Valuea of k and ti for different euepeneiona 


TnmBmATUBa 

•tmPBNIUOlC 

COMOBNTaAnOH 

k 

ft 

•c. 


ptr ctnt 



27.6 

Bentonite 

6.60 

0.044 

3.0 

27.6 

Ultrabentonite 

2.09 

0.000038 

7.8 

76.0 

Ultrabentonite 

2.09 

1.8 

2.1 




Fio. 3 Fio. 4 

Fio. 3. Effect of diameter of viscometer upon time of setting. O, viscometer I, 
internal diameter 1.2 cm.; viscometer II, internal diameter 1.6 cm. 

Fia. 4. mtrabentonite at 55*C. Standing time, two hours. Velocity of sphere 
{dotted against the square of its radius. 

thare is no abrupt transition between sol and gel, require elaborate ap- 
paratus and care in operation while still yielding only comparative results. 
A more natural property to investigate appears to be the viscosity of the 
sol. In fact, most studies ^ the gelation of emulsoidal solutitms have 
been made by viscosity measurements. Gelation is a kinetic process, 
almost certainly consdsting of the building-up of a structure, which inter- 
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feres with the flow of the liquid. Unfortunately most methods of meas- 
uring viscosity cause simultaneously the breakdown of this gel structure 
to an unknown degree. The falling-ball viscometer has, however, the 
advantage that the sphere continuously passes on to the undisturbed 
suspension, so that its travel is relatively free from the effects of struc- 
ture breakdown. This led to a decision to use the falling-ball method 
in measuring the rate of gelation of bentonite suspensions. 

The ordinary type of falling-ball viscometer was used (1). The tube 
had a width of about 12.5 mm., and a glass tap was fused to the lower end 
to facilitate the removal of the dropped balls. The distance between 
marks was 13.9 cm. The viscometer was placed in a thermostat, the 
temperature of which could be kept constant to ± 0.25®C. Glass balls 
about 5 mm. in diameter were first used, since Freundlich (2) has pointed 
out that the pH, and as a consequence the setting time, of ferric oxide sols 
is altered by contact with metal. Steel balls about ij^- in diameter were 
afterwards used, but no irregularities in behavior were observed. The 
sol was placed in the viscometer, allowed to come to the temperature of 
the bath, shaken well, and replaced. After the sol had stood for a known 
length of time the ball was dropped and the time of fall taken. In this 
way a curve such as that shown in figure 3 could be obtained. 

No attempt was made to convert the times of fall into absolute vis- 
cosities, for several reasons. Ultrabentonite belongs to the class of sub- 
stances showing plastic flow. That is, it possesses a definite yield point 
and its apparent viscosity is not independent of the shearing force. For a 
true liquid the curve connecting velocity and the square of the radius of 
the sphere would be a straight line passing through the origin. This is 
not the case for ultrabentonite (figure 4). Furthermore, Stokes' law, 
upon which any calculations would have to be based, is derived for the 
case of a homogeneous fluid and cannot hold for a gelating sol. Never- 
theless, measurements using the same sphere and viscometer give com- 
parative results for the rates of gelation over the whole curve, and not 
merely for one particular point. 

Time of fall is linear in standing time, at least during the early stages of 
gelation and 

y - ax + b (2) 

where y is the time of fall, x the time of standing, and a and b are constants. 
Granting that the degree of development of structure, i.e., gelation, is 
proportional td the increase in time of fall, it follows that the rate of 
gelation, as measured with a given ball, is independent of the time of stand- 
ing. This surprising result shows a marked difference from the case of 
emulsoidal gel formation. Thus Mardles (10), for cellulose acetate gels 
in benzyl alcohol and other solvents, found by the falling-ball method that 

— i|o «= (3) 



TtMPCRATUW: 

Fia.7 


TEMPERATURE 

Fig. 8 


Fig. 5. Effect of temperature on setting time. 0, 2.09 per cent ultrabentonite j 
O, 2.19 per cent ultrabentonite. 

Fig. 6. Effect of temperature upon setting time of 2.09 per cent ultrabentonite. 
26*^0.; 0, 40^C.; 0, 50*C.; 0, 60"a 

Fkg. 7. Effect of temperature upon setting time. 0, 2.09 per cent ultrabentonite; 
O} 2.19 per cent ultrabentonite. Diameter of tube, 9.6 mm. 

Fxq. 8. Effect of temperature on standing time (x). Time of fall »• 50 secs. 
2.09 per cent ultrabentonite; 0, 2.19 per cent ultrabentonite; 0, 2M per cent 
ttltrabentonite; 0, ultrt^bentonite and 15 per cent ethyl alcohol; a» ultrabentonitc 
and OJi per cent gelatin. 
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iKlieve s is tbe visooraty ait time t, m is the viscosity at sero time, and a and 
I; ase ciaistaDts. These viscosities are proportional to his times of fall, 
ikwe they were calculated directly from these, ignoring the objections 
BMoritmed above. 

It win be noticed that the rate of gelation is also independoit of the 
diameter of the viscometer tube. 


TABLE 3 

Value* of A and B for two ultrabentonite* differently -prepared 


CBAMACTSB OW SUHPHtfSlON 

OONCSM* 

TBATIOM 

pH 

A 

S 

.. 1 

j 

B* 

Centrifuged twice 

Centrifuged once j 

per cent 

2 09 

2 19 

7 84 

8 40 


3 34 

3 28 


1 98 

1 95 




TCMPEPATuRf 


Fiq. 9 Fig. 10 

Fig. 9. Effect of diameter of tube on the temperature coefficient. 2.55 per cent 
ultrabentonite. 0, diameter of tube 11.11 mm.; O, diameter of tube 12.70 mm. 

Fzg. 10. Effect of diameter of tube on the temperature coefficient. 2.09 per cent 
Ultrabentonite. 0, diameter of tube 9.5 mm.; 0, diameter of tube 7.5 mm. 


THX BFFECT OF TEMPERATURE 

1%^ effect of temperature upon gelation was examined by both methods. 
Sdialdc and Saegvary (14) found for ferric oxide sols that if f is the tem- 
perature in then 


Ic^ a » — .df + 5 


( 4 ) 


wi jcmmAi. nrcMOAi* 


IT, vou 40, wo. a 
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A and B are c(»istants and e the setting time. Inorease in tempera- 
ture in bentonite suspensions likewise causes gelation to become much mere 
rapid (figures 5 and 6), and for both methods the results can be CKpreased 
by equations of the form of equation 4. In the falling-ball method, if the 
stan^ng times at various temperatures for a given time of fall are plotted 
against temperature on semilog paper, a straight line (figure 8) is again 
obtained or 


log X = - A't -f- B' (5) 

where x is the standing time and A' and B' are constants. Furthermore, 
it was found that two ultrabentonites, prepared by different methods 
and having sli^tly different compositions, gave the same values of A and 



Fiq. 11. Effect of concentration on time of setting in a9-mm. tube. ®, 25°C.; 
G, SS-’C. 

B in the inverted-tube method, and also gave the same values of A' and 
B' in the falling-ball method, as shown by table 3. 

The constants A and B, however, are changed if tubes of different 
diameters are used for the same suspension, as shown by figures 9 and 10. 
This limits their value for comparative use, as, for suspensions of widely 
differing concentrations, measurements cannot be made in the same tube. 

The effect of temperature upon the rate of gelation again presents a 
distinct difference from the behavior of emulsoid sols. Emulsoid sols, 
such as that of gelatin, do not gel under any conditions above a certain 
temperature, whereas bentonite suspensions apparently gel at any 
temperature. Furthermore, the rate of gelation of [gelatin increases on 
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lowaing the temperature (8). In contradistinction to this, bentonite 
suspensions, as can be seen from %ure 6, gel much more slowly at low 
temperatures. 

THE EFFECT OF CONCENTRATION 

Concentration has a very great influence upon the setting time of ben- 
tonite suspensions. The suspensions referred to in figure 11 were made 
up by diluting a strong suspension of bentonite and varied slightly in pH 
from 9.3 to 9.6, the weakest suspension having the highest pH. This 
change in pH was proliably insufficient to affect the setting times ma- 
terially. 



?0 30 40 50 60 70 80 90 ‘C 

TCMPfRATbRE 

Fig, 12. Effect of concentration on temperature coefficient. Diameter of tube 
9 mm, la, 4.99 per cent bentonite; □, 5.63 per cent bentonite; 5.93 per cent 
bentonite; O, 6.60 per cent bentonite. 

Concentration does not affect the temperature coefficient A in equation 
4 as greatly as does a change in tube diameter (figure 12). 

DISCUSSION 

It is seen that the inverted-tube method is capable of giving comparative 
results providing care in manipulation is exercised and the diameter of 
the tube in which the measurements are made is kept constant. The 
falling-ball method is preferable in that it gives the whole of the gelation- 
time curve and not simply one point. TTie results of the two methods 
appear to be in agreement. 

The explanation of gelation and thixotropy, as shown by bentonite 
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su 0 pensionB, is difficult. Hauser (6), observing the behavior of very dilute 
bentonite suspensions under ibie microscope, found the particles in Bro'vm> 
ian motion. Addition of electrolyte caused translation to cease, and still 
greater quantities of electrol 3 rte caused the cessation of rotary motion. 
Providing addition of electrolyte had not been too great these changes 
could be reversed by agitation. Addition of a hydrophilic sol, itself 
showing Brownian motion, e.g., gum mastic, resulted in cessation of the 
motion of the gum mastic particles when gelation occurred. There seems 
no doubt that some sort of structure is built up as the gel forms; the diffi- 
culty is to account for gelation at the extremely low concentrations at 
which it occurs (certainly less than 1 per cent in some cases). For ben- 
tonite, two alternative hypotheses have been suggested. The first might 
be termed the mechanical or “house-of-cards” theory, the clay particles 
being visualized as fiat plates, so packed in three-dimensional, random 
orientation, edge touching edge in the gel, that movement is impossible 


TABLE 4 

Effect of a diluent on setting time 
2.55 per cent ultrabentonite; 3 cc. used for each experiment 


OZLUBKT ADOaO 

z 

(WATBR added) 

z 

(CflHiOH added) 

ec. 

seconds 

zeeondz 

0 

165 

165 

0.125 

420 

210 

0.25 

720 

370 

0.50 

1800 

335 

0.75 


480 


and a solid house-of-cards structure is set up (9). The chief objection is 
that in order to obtain interference between the particles at the low con- 
centrations at which gelation is observed, the particles must be plates, 
having a length and width much greater than their thickness, the ratio 
between these quantities being of the order of 100 to 1 or over, which seems 
extremely great. On the other hand, although direct microscopic evi- 
dence is lacking, this theory of the bentonite plates being of microscopic 
thickness and macroscopic length and width was first put forward by 
Wherry (15) on microscopic grounds. X-ray evidence has also shown that 
the bratonite clays are made up of silica and gibbsite (Al 2 (OH) 6 ) layers, 
which are separated by water (11). The spacing due to this separation 
varies with the water content of the clay, and thus it appears that in a large 
excess of water, the layers may actually break away from each other and 
behave as plates of molecular thickness. Other properties of the ben- 
tonites, e.g., adsorptive power, are also in agreement with the thickness of 
the plates being of molecular or colloidal dimensions. 
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The only other theory to receive serious consideration has been the sug- 
gestion that the clay particles adsorb layers of water suflBlciently thick to 
build up quasi-fluid particles occupying enough volume so that interference 
is sufficient to induce gelation. This hypothesis requires the formation of 
water hulls around the particles many molecules thick (which seems un- 
likely). Bentonite gels have also been shown to possess a tensile strength, 
which is hard to explain on the basis of particles with adsorbed water 
surfaces touching each other (9). As a general rule solvation decreases 
with temperature and one would, therefore, expect the water hulls, if 
such are formed, to decrease in thickness with increasing temperature, 
thus leading to a decrease and not an increase in rate of gelation. Further 
evidence against the water-hull hypothesis is also provided by experiments 
in which alcohol was added to a bentonite suspension (table 4). The 
setting time of the suspensions remained nearly constant, whereas addition 
of water in equal amounts by volume caused the setting times to become 
indefinitely great. Alcohol is usually considered to act as a dehydrating 


TABLE 5 

Values of the temperature coefficient 



Oi/Oi 

Temperature interval: 


40-50'’C 

2.02 

40-50®C.. 

1 52 

4(>-r>o"c 

2 22 

Calculated value . . . . 

1.24 

Value from ordinary chemical reaction .... 

2-3 


agent when added to aqueous colloids; thus, on the water-hull theory, one 
would expect it to be even more effective than water in increasing setting 
time. The viscosity of an alcohol-water mixture is greater than that of 
either pure component, hence Brownian motion would be retarded and 
an increase in this factor could not account for the more rapid gelation. 

On the other hand, the mechanical theory of gelation seems at first sight 
equally unable to account for the rapid increase in rate of gelation with 
temperature, unless further assumptions are made. Freundlich has 
attempted to draw a parallel between the coagulation of hydrophilic sols 
and the gelation of thixotropic sols. It is true that the rate of change 
increases with rise of temperature in each case, but the increases are of a 
different order of magnitude. According to the von Smoluchowski theory 
of coagulation the time of coagulation should be proportional to i?/ir, 
where ri is the viscosity of the solvent and T the absolute temperature. 
This was experimentally confirmed by Freundlich and Basu (3) for the 
coagulation of a copper oxide sol by sodium sulfate. Some experimental 
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values of the temperature coefficient, i.e., the ratio of the rates of change 
for temperatures lO'^C. apart are compared in table 5 mth tlie value which 
might be expected for aqueous bentonite suspensionB. The constants a 
in equation 2 for the falling-ball method were used. 

Evidently, the phenomenon of thixotropy in bentonite suspraudons is 
not truly analogous to coagulation. On the mechanical theory the ben- 
tcmite particles, even immediately after shaking, are in close juxtaposition, 
although the strength (and hence the apparent viscosity) of the gel is 
small. Each subsequent impact between particles builds up the strength 
as th^ become more firmly fixed in position, and thus the apparent vis- 
cosity increases. However, as the structure becomes stronger, collisions 



4 e 12 16 

stanoinc timc in mimuUS 


Fio. 13. Effect of addition of 0.5 per cent gelatin. 0, 25°C.; □, 35*0.; O, 45‘'C.; 
0, original sol at 25'’C. 

of ordinary impact energy have little or no effect, whereas collisions of 
abnormally great impact energy, of which there will always be some from 
the distribution theory, have a disproportionate effect in raising the 
strength. In a coagulation process the particles have a tendency to 
agglomerate, whereas in the thixotropic gelation of bentonite the particles 
have a tendency to keep apart and are only forced into contact by continual 
impacts. After a time, only impacts of exceptional energy are effective 
in causing increase in gel strength. Temperature causes an increase 
in these impacts of abnormal energy and hence a quite disproportionate 
increase in the gel strength.'^ In other words, the gel strength is not pro- 
portional to the number of impacts, but depends much more upon their 
oaergy content. Hence the ii^ence of temperature is explain^ by the 




GELATION OF BENTONITE BUSPENBIONS 


1053 


great increase in strength brought about by the greater number of high 
energy impacts. 

The action of alcohol is difficult to explain; possibly it affects the ioniza- 
tion of the clay particles or the electrical forces acting between them. 
Gelatin likewise increases the rate of gelation, as can be seen from figure 13 ; 
possibly the adsorbed gelatin on the particles allows a structure to be built 
up more easily. 

The mechanical theory of thixotropy also receives support from the fact 
that thixotropic sols, as far as has been at present investigated, show no 
change in their physical properties upon gelation. No work appears to 
have been done upon bentonite, but Heyman (7) has shown that if there 
is any volume change in an iron oxide sol upon gelation it is less than 
0.0002 per cent. Other evidence, particularly the viscosity character- 
istics, has also been cited in a previous paper (9). 

SUMMARY 

Two methods have been developed for measuring the rate of gelation of 
bentonite suspensions. The first measures the time elapsed after the 
suspension has been shaken before a tube containing it can be inverted 
without flow. In the second the velocity of fall of a sphere through the 
suspension is measured at different times after shaking. Both give results 
qualitatively in agreement but the latter method is preferred, since it is 
independent of the diameter of the containing vessel and gives the entire 
gelation-time curve. 

The results are found to be in conflict with the water-hull theory of gel 
structure and to be qualitatively in agreement with the mechanical theory, 
in which the gel is pictured as made up with bentonite plates of molecular 
thickness touching in completely random, three-dimensional orientation. 
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The discovery that the complex ammonio ions of copper and nickel were 
strongly adsorbed by silica gel was previously reported by Smith and 
Reyerson (4). These authors used the adsorption of these complex ions to 
prepare silica gels containing finely divided metals on the surfaces of the gel 
by reducing these adsorbed ions at higher temperatures with hydrogen. 
It was found in the course of these studies that the adsorption forces were 
so strong that the silica gel containing the complex ammonio ions of copper 
could be shaken with distilled water for long periods of time, and yet the 
most sensitive chemical tests were unable to detect any traces of copper 
ion in the water, which remained colorless. Dr. M. G. Larian of this 
laboratory reported to the authors that 10 gallons of distilled water, to 
which ammonia had been added, contained sufficient traces of copper to 
induce a slight blue coloration in silica gel which was shaken with the water. 

Ordinary electrodialysis failed to remove the adsorbed ions to any 
extent, but changes took place after a considerable time which indicated 
that a surface disintegration of the gel with its adsorbed ions had occurred. 
The granular character of the gel had disappeared, and a more gelatinous 
material remained in the dialysis cell. Electrodialysis has been used a 
great deal in this laboratory to purify silica gel, yet the hard granular 
character of the glassy gel has never been destroyed in the presence of salts 
except when these complex metal ammonio ions were adsorbed by the gel. 
It was felt that adsorption isotherms obtained under varying conditions 
might reveal something of the nature of this unusual ionic adsorption. 
The investigation here presented gives the preliminary results of the 
adsorption of silver ammonio complex ions by silica gel, together with 
a more complete investigation of the adsorption of the tetrammino 
cupric ion. 

EXPERIMENTAL 

The silica gel used in tlxis study was the glassy porous variety prepared 
by the method of Patrick (3). It was washed free of salt and dried at 

' Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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about lOO^C. It was then digested in nitric acid, washed, and finally 
electrodialyzed for a considerable length of time in an electrodialysis cell. 
After the resistance of the cell reached a constant high value the gel was 
removed, dried carefully, and placed in tightly stoppered bottles until used. 

In the early part of the study, from 1 to 2 g. of gel was weighed out and 
added to solutions containing the complex ammonio ions of silver or copper. 
These solutions were prepared by adding ammonium hydroxide to known 
concentrations of copper or silver nitrate. Great difficulty was experi- 
enced in adding the ammonia solution to the varying strengths of the salt 
solutions so that the pH of the resulting solution was the same at the time 
the silica gel was added. Quantitative determinations of the amount of 
copper and silver present in the solutions before and after the addition of 
the silica gel made it possible to calculate the amount adsorbed. These 
early studies gave adsorption isotherms which fitted the Freundlich 
expression fairly well, but it was recognized that closer control of the pH 
of the solutions was necessary. It was also decided that other anal 3 d.ieal 
methods would improve the results. 

The glass electrode was adopted as the best electrode for determining the 
pH of the ammoniacal copper nitrate solutions, and it was found to work 
very well. The Coleman glass electrode was the type used, and it was 
standardized by the usual buffer solutions. This glass electrode made it 
possible to obtain electrometric titration curves for the addition of am- 
monia solutions of copper nitrate. These titration curves determined the 
pH range of the adsorption studies, as will be discussed later. 

The removal of the adsorbed complex copper ions from the silica gel by 
treatment with 0.6 N sulfuric acid was found to be incomplete even after 
long standing. Experiments with the boiling electrolytic cell as developed 
by Exner (2) proved that quantitative removal of the copper from the 
silica gel was possible by this method. The boiling cell of Exner is a simple 
electrolytic cell consisting of a 300-cc. lipless beaker of the Berzelius type. 
The cathode consists of a platinum gauze cylinder and the anode consists 
of two platinum spirals, one inside the cathode and the other outside. A 
small flame under the beaker causes remarkably vigorous boiling or 
effervescence, which is undoubtedly aided by the evolution of oxygen at 
the anodes. Low voltage direct current was applied across the electrodes. 
During the heating of the cell to boiling a current of 1 ampere was allowed 
to flow, but this was increased to 6 amperes at 6 volts as soon as boiling had 
started. 

In the present investigation the silica gel containing the adsorbed 
complex copper ions was removed from the solution in which the adsorption 
took place and transferred to the electrolytic cell, which contained a solu- 
tion of 0.5 N sulfuric acid. The current was turned on and the removal of 
the copper from the gel was found to be complete after fifteen minutes of 
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boiling. An additional hour of treatment showed no additional removal 
of copper and the gel appeared colorless. The results of a run carried out 
to determine the time needed for a quantitative experiment are as follows: 


Weight of cleaned cathode at beginning of run 10.7587 g. 

Weight after 15 minutes boiling 11.1012 g. 

Weight after 1 hour additional boiling 11.1013 g. 

Weight of copper removed from gel 0.3426 g. 




Fig. 2. Adsorption of copper on silica gel 

The concentration of the copper complex ion remaining in the solution from 
which the silica gel had been removed was also determined by the same 

•The ordinates of figure 1 are expressed in (M.E./G.) X 10 instead of M.E./G. 
as shown in the figure. 
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electrolytic method. In some cases when the concentration of the copper 
ion originally present before adsorption was low, a precipitate remained 
undissoived during adsorption. ' When this was the case the solution was 
stirred rapidly, decanted from the gel, and filtered. The precipitate was 
dissolved in sulfuric acid, and the quantity of copper determined in the 
boiling cell. The total amount of copper obtained on the cathode of the 
boiling cell from the silica gel, the solution, and the precipitate, if any, 
checked the concentratioii of the original solution very well. The boiling 
cell of Exner is to be recommended as a rapid and accurate quantitative 
method for the determination of copper. 

Using the above methods a series of adsorptions was run at five different 
pH values. Different concentrations of cupric nitrate solution were placed 
in a beaker in the presence of the glass electrode, and ammonia solution 



Fi<3. 3. Titration curves with glass electrode 

added until the electrode showed the proper pH. Sufficient time was 
taken to insure that equilibrium had been reached. The pH was checked 
occasionally during adsorption, and found to be the same within the limits 
of error of the glass electrode. 

, KESULTS AND DISCUSSION 

The preliminary results on silver and copper are given in figures 1 and 2. 
Here the abscissae are milliequivalents per liter of solution and the ordi- 
nates are milliequivalents of ion adsoibed per gram of silica gel. The pH 
values were held as nearly constant as possible. The pH for the upper 
curve in figure 2 and for silw in figure 1 was something over 10, while the 
pH for the lower curve in figure 2 was slightly over 7. These results indi- 
cated a strong eaiiy adsorption of these complex ions. 
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The potentiometric titration curves using the Coleman glass electrode arc 
shown in figures 3 and 4, Figure 3 gives the titrations of solutions of the 
same normality of the salts indicated with ammonia solutions. The curves 
are considerably different for the different salts, and it is intended that 



Fig. 4. Ammonia titration curves of cupric nitrate with glass electrode 



CONCCNTRATION milli molcs or cop^cm kr litcr sotutiOM. 

Fig. 5. Adsorption of copper on silica gel at pH values above 8 

further study be given to this point. Since it was decided to investigate 
the adsorption of the complex copper ions first, another set of titrations was 
run. Figure 4 gives the results of these titrations using the same solution 
of cupric nitrate in each case, with this difference, that 10 cc. of the solu- 
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tion was titrated to give the curve marked “concmtrated,” while the same 
10 cc. of solution was diluted to 300 cc. to give the curve marked “dilute.” 
The differences are probably due to changes in activity and hydrolysis. 



Fio. 6. Adsorption of copper on undialyzed silica gel 



Fio. 7. Adsorption of copper on silica gel from ammoniacal solution 

From these results it was evident that the best determination could be made 
at pH values above the break. 

Accordingly, the adsorption measurements were made at pH values 
above 8. The results of five such adsorption determinations are presented 
in figure 5. Since the silica gel used in these experiments was electro- 
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dialyzed, it was decided to use some of the undialyzed gel from the same 
original source. This gel had been washed thoroughly free of electrolytes 
by distilled water. The adsorption isotherms for this undialyzed gel are 
given in figure 6. It is evident that electrodialysis has removed a part of 
the active surface of the gel as far as this type of adsorption is concerned. 
It is evident from these results that the pH of the solution plays a vital 
part in the adsorption of these complex ions. The adsorption reaches a 
maximum, as is shown in figure 7, at a pH of about 9.6. The character of 
the silica gel also plays an important part, for the adsorption is much 
greater on the undialyzed gel than it is on the dialyzed gel. It was felt at 
first that the silica gel tended to go into solution in solutions of higher pH. 
This might account for the lowered adsorption above a pH of 9.6. Accord- 
ingly a sample of silica gel was placed in a solution of copper ammonio 
nitrate solution at pH 9.6 and allowed to stand for ten w’^eeks. At the end 
of this time less than 1 per cent of the silica gel had gone into solution. 


TABLE 1 

Ken nils obtained in one of the adsorption determinations 


EQUIMBRllTM CONCBNTHATION OF 
CU IN MlCKOlDQUn ALENT8 

AT EQUiuertirM 

pH 

inLLXMOLSB OP Cu ADSORBED 
PER ORAM OF 8IUCA QEL 

0.37 

10 70 

0.614 

3.12 

10 71 

0 914 

11 75 

10 70 

1 930 

27 72 

10 75 

2 292 

42 23 

10 74 

2 430 


However, this small solubility of silica from the gel may account for the 
diminished adsorption, provided that the most active part of the surface 
dissolves. 

An example of one of the adsorption determinations is given in table 1. 
The results here presented indicate that the adsorption is dependent not 
only on the concentration of the metal ion but also upon the pH of the 
solution and the character of the silica gel. The whole system is a complex 
one as has been shovm recently by J. Bjerrum (1), who has determined the 
equilibrium constants for the addition of each successive NHs group to the 
copper. Additional work will be needed to clarify this complex problem 
further. The adsorption of the first complex copper ammonio ions is 
apparently strong and irreversible, leading one to suspect that a mono- 
molecular layer of this ion is formed. 

* SUMMARY 

The adsorption of complex ammonio ions has been measured under vary- 
ing conditions of pH on both electrodialyzed and undialyzed silica gel. 
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FACTORS INFLUENCING ADSORPTION AT SURFACES OF 

RED CELLS^ 
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We have recently shown (4) that the aggregation (as measured by 
sedimentation velocity) of red cells brought about by plasma globulins 
and by other proteins, as gelatin and casein, is not accompanied by an 
adsorption of these proteins at the cell surface. The proteins presumably 
act by depriving the red cells of adsorbed water, thus increasing their 
surface energy and tendency to aggregate. It was in fact shown that 
normal red cells do not adsorb non-sp)ecific proteins even in high concen- 
trations; that the electrophoretic mobility of the cell, characteristic for 
each species, is determined by the composition of the cell membrane itself 
and is unchanged by washing away plasma proteins or even by thorough 
washing of hemolyzed cells in alkaline solution (6). 

Beilis and Scott (2) report results which they interpret as indicating that 
considerable amounts of plasma protein are normally adsorbed on red 
cells. Dilution of the plasma with isotonic solutions removes some of this 
adsorbed protein, whereas dilution with hypertonic solutions causes a 
further adsorption of protein by the red cell. Their interpretation is 
directly opposed to the conclusions of Abramson (1) and ourselves that 
normal red cells do not adsorb plasma proteins. 

The objects of the present paper are (1) to test the experimental evidence 
offered by Beilis and Scott for the adsorption of plasma proteins by normal 
red cells, (2) to investigate the conditions under which the surface of the 
red cells may become damaged, as evidenced by a decreased sedimentation 
velocity, and the result of such damage on the ability of the cells to adsorb 
proteins, and (3) to investigate the effect of lecithin on the charge and 
sedimentation velocity of normal cells. 

^ Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13 (1936). 

This work was aided by a grant from the Rockefeller Foundation to Washington 
University for research in science. 
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1. Adsorption of plasma pnAeins by normal red cells 

m 

According to the findings of Beilis and Scott the dilution of defibrinated 
beef blood with isotonic salt or sugar solution results in a higher concen- 
tration of protein in the supernatant fluid than is calculated from the 
known dilution of the plasma, allowing for changes in the volume of the 
cells as determined by hematocrit readings. The protein increase is 
proportional to the amount of dilution; with their greatest dilution (70 
parts of isotonic salt to 30 of blood) it amounts to 1.3 g. per 100 cc. of 
serum. This means that the cells (approximately 60 cc.) contained in 100 
cc. of serum give up to the surrounding medium 1.3 g. of presumably 
adsorbed protein, or 1 cc. of cells gives 0.022 g. of protein. A similar 
dilution of whole blood with hypertonic salt or sugar-resulted, on the other 

TABLE 1 


Nitrogen in the supernatant fluid from packed cell mass 


SXPBRXMBNT NO. 

N»C1 

CONCBNTKATXON 

NtTROOBN IN 
BUPSRNATANT 
FLUID 

PROTBIN (N X 6 2S) 
IN 8UPBRNATANT 
FLUID 


per eerU 

mg. per cent \ 

per cent 

1 (beef) 

0 9 

113 

0 70 


8 1 

90 

0 56 

2 (beef) 

0.9 

99 

0 61 


8 1 

102 

0 63 

3 (dog) 

0 9 

40 

0 25 


hand, in a taking up of approximately 0.005 g. of protein per cubic centi- 
meter of cells. 

We have tested these conclusions in the following way. Instead of 
diluting the whole blood and depending upon hematocrit readings in the 
diluted media for true dilution values, we have added the salt solution 
directly to the packed cells. Fresh defibrinated beef blood was centri- 
fuged for one and one-half hours at 3200 b.p.m. Unfortunately this was 
tile highest speed obtainable with the available centrifuge when loaded 
with two 15-ec. tubes; imdoubtedly better packing of the cells could be 
obtmned with higher centrifugal speeds. Ilie serum was drawn off and 
to one volume of packed cells was added one volume of isotonic (0.0 per 
c^t) or hypertonic (8.1 per cent) sodium chloride solution. The cells 
were thoroughly mixed with the salt solution and allowed to stand for thirty 
minutes. The tubes were again centrifuged and the totid nitrogen in 
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the supernatant fluid determined by a micro-Kjeldahl method.* Accord- 
ing to the calculations given above from the data of Beilis and Scott, 
assuming that no serum remained in the packed cell mass, the supernatant 
fluid in the case of the isotonic salt should contain at least 2.2 per cent 
protein, while the hypertonic washing fluid should contain no protein. 
Several such experiments on beef cells gave the results shown in table 1. 
Calculating all the nitrogen as protein the supernatant isotonic fluid con- 
tained less than one-third of the protein predicted on the basis of the 
results of Beilis and Scott. There is in fact even less protein in our super- 
natant fluid than the figures indicate, since 7 to 10 mg. of nitrogen per 
100 cc. of supernatant fluid are in the urea from the cells. Since the hyper- 
tonic fluid contained practically the same protein concentration, it is 
evident that this protein must have been derived from serum remaining 
in the packed cell mass and not from protein adsorbed on the cells. If the 
original serum contained 8 per cent protein, this would mean that under 
the conditions of the experiment about 8 per cent of the packed cell volume 
consisted of serum, a not unreasonable figure considering the relatively 
low centrifugal speed at which the cells were packed. It seemed desirable 
to repeat the experiment on a type of blood in which the cells form large 
aggregates and would thus be expected to pack better at a given centrif- 
ugal speed. The results on dog cells are shown in table 1. Since appre- 
ciable hemolysis occurred in the hypertonic salt, only the isotonic was 
analyzed. If all the nitrogen is calculated as protein we obtain 0.25 
per cent protein in the supernatant fluid, which means that in this case 
about 3 per cent of the packed cell mass consisted of serum. 

2, Effect of prolonged standing and of washing on the surfaces of the red cells 

It was emphasized in earlier publications (4, 6) that in order to obtain 
correct values for the sedimentation velocity of red cells, fresh cells (not 
more than three to four hours old) must be used. Allowing cells to stand 
for long periods or washing them with buffered isotonic sugar markedly 
decreased the sedimentation velocity. We have here made a more quan- 
titative investigation of the conditions under which cells lose their capacity 
for rouleau formation. Dog cells, which were shown to have the highest 
sedimentation velocity and the highest electrophoretic mobility at pH 7.4, 
were used. 

The sedimentation experiments of this section were carried out in a 1 
per cent gelatin solution (Eastman’s) made up in Af/50 phosphate buffer 
(pH 7.4) plus 0.9 per cent sodium chloride. The pH of the buffer was not 
significantly changed by this concentration of gelatin. The cells were 
centrifuged for 15 minutes at 2000 r.p.m. and two volumes of the gelatin 

* We are indebted to Dr. W. B. Wendel for the nitrogen determinations. 
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Bolutioii were added to one volume of packed cells. The thoroughly mixed 
cell suspensions were sucked up into glass tubes of 3.6 mm. bore imd 35 cm. 
long. The tubes bore short s^pnents of rubber tubing on their lower ends, 
which, after filling, were closed with spring clips. The number of nulU- 
meters which the cells sank in a specified time was then measured. The 
sedimentation velocity is of course a direct measure of the degree of ag> 
gregation of the ceils. 

Electrophoretic determinations were carried out with a microscopic 
electrophoresis cell, using the technique previously described (7). The 
medium in which the cells were suspended was M/50 phosphate buffer 
(pH 7.4) plus 0.3 per cent sodium chloride plus 6 per cent sucrose. The 
proteins studied were dissolved in this medium. Sugar was substituted 
for part of the salt in order to cut down the current density. These 
determinations were made with the idea of detecting any adsorption of 


TABLE 2 

Effect of etanding on protein adeorption and sedimentation velocity of dog red cells 



MOBILITY IN MICRA PSR SBCONU 
PBR VOLT PBR CBNTIMBTBR 

SINKING IN 

1 PBR CBNT 


Autoge* 
ROUS plasma 
diluted 

1 to 200 

0.01 per 
cent 
normal 
gelatin 

0.01 per 
cent iso- 
electric 
gelatin 

NORMAL 
GBLATIN IN 

30 MINUTES 

Fresh dog cells 

1 52 

1 53 

1 55 

mm. 

113 

After standing 1 day 

1 52 

1 54 

1 54 

59 

After standing 2 days 

1 46 

1 51 

1 1 50 

30 

After standing 4 days 

1 45 

1 48 

1 48 

13 

Protein*coated glass particles 

0 65 

0 61 

0 



protein which might occur at the red cell surface. The electrophoretic 
mobility of the dog red cell is several times that of any of the proteins 
studied (as measured by the mobility of glass particles covered with these 
proteins). An adsorption of protein would therefore lower the red cell 
mobility; a complete coat would lower the mobility to that of the protein 
itsdf. Mobility determinations were made in diluted dog plasma, ordi- 
nary gelatin (Eastman) having an isoelectric point at pH 4.7, and a sample 
of gdatin obtained from the Heil Company which was found to have an 
isoelectric point at pH 7.4. 

As previously stated, allowing cells to stand in the ice box for long periods 
of time in their own serum or plasma decreases their sedimentation velocity. 
The decrease in sedimentation velocity for a given time of standing is, 
hcHrever, very irregular. Some samples of cells are out down to a very 
small fraction of their original sedimentation velocity on twenty-four 
hours’ standing. Other samples may require a week for the same change. 
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The change is not correlated with hemolysis; samples which show no 
hemolysis may show a very great decrease in sedimentation, and others 
which show considerable hemolysis on standing may have a normal sedi- 
mentation rate. In table 2 the sinking velocity in 1 per cent gelatin and 
mobility in various proteins of a sample of dog cells has been followed over 
a period of four days. The oxalated whole blood was allowed to stand in 
the ice box. Samples were removed each day and centrifuged, the packed 
cells being resuspended in the protein solutions. It is evident that a 
marked decrease in sedimentation velocity may take place before any 
measurable adsorption of protein has occurred. 

Table 3 shows the effects of washing dog cells in isotonic salt and sugar. 

TABLE 3 


Effect of washing on protein adsorption and sedimentation velocity of dog red cells 


CULLS 

MOBIL!' 

PUR 

Buffer 

TY IN MI( 
b'OLT PKB 

0.01 1 
per cent 
iso- 
electric 
gelatin 

:ra feu f 

; PENTIMl 

Autog- 
enous 
plasma 
diluted 
1 to 200 

»ECOND 

8TER 

1 per 
cent 
normal 
gelatin 

SINKING IN 

1 PER CENT 
NORMAL 
GELATIN 

IN 30 
MINUTES 






mm. 

Fresh normal dog cells 

1 55 

1 56 


1 44 

90 

After washing in 0.9 per cent NaCl . . 

1 57 

1 56 



89 

After standing 3 days in 0,9 per cent NaCl. 


1 56 



21 

After standing 3 days in serum 


1.53 



2 

After washing in 10 per cent sucrose. 

1 58 

1 ;i8 



0 

After rapid washing in 10 per cent sucrose 



1 54 


3 

After standing overnight in 10 per cent 






sucrose 


1 55 

1 56 

1 22 

2 

After rapid washing in 5 per cent dextrose 



1 56 


1 

After standing overnight in 5 per cent dex- 






trose 


1.54 

1 58 

1.25 

2 

Washed ghosts 

1 54 

0 99 





The data show that washing cells in 0.9 per cent sodium chloride solution 
has no immediate effect either on their sedimentation velocity or on their 
ability to adsorb gelatin. Also, cells allowed to stand in 0.9 per cent 
sodium chloride retain their ability to aggregate in gelatin solutions at least 
as long as cells which are allowed to stand in their own serum or plasma. 
Celle washed in isotonic sucrose, on the other hand, always show a great 
decrease in sedimentation velocity, which may or may not be accompanied 
by a measurable adsorption of protein from very dilute protein solutions. 
This has been formd to be true also for the cells of other species (horse and 
human). Washing with isotonic dextrose gives similar results; as shown 
in table 3, cells may not adsorb protein after such washing but we have 
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observed adsorption of gelatin, casein, and egg albumin from 0.01 per cent 
solution of these proteins at pH 7.4 by horse cells washed in isotonic 
dextrose. Hemolyzed cells washed free of hemoglobin (6) adsorbed pro- 
tein still mOTe readily. 

It is to be noted, however, that irrespective of their treatment all dog 
cells, including the washed ghosts, have the same mobility in the absence 
of protein. That is, the change or damage to the cell surface which allows 
it to adsorb protein is not accompanied by any change in the electrophoretic 
properties of the cell in the absence of protein. Cells treated with isotonic 
sucrose or dextrose may not be altered sufiSciently to adsorb measurable 
amounts of gelatin or plasma protein from dilute protein solution and will 
yet adsorb a measurable amount of gelatin from 1 per cent gelatin, the 
concentration in which the sedimentation velocities have been determined. 
This is shown by the findings in table 3 that cells after treatment with 
isotonic sucrose or dextrose adsorbed gelatin from 1 per cent solution 
(as evidenced by their lower mobility in 1 per cent gelatin than was that of 
fresh cells in 1 per cent gelatin), although they did not adsorb measurable 
amoimts of protein from dilute gelatin or plasma. 

Whether or not the adsorption of the protein by the red cells is the cause 
of the decreased ability to aggregate is not known; both phenomena may be 
separate manifestations of some imknown change in the physical state 
of the cell surface. It seems evident that the common practice of washing 
red cells with isotonic sugars prior to studies on their ability to adsorb 
specific antibodies is not without danger, since such washing may damage 
the cell surface in such a way that it is capable of adsorbing non-specific 
proteins. Washing with isotonic salt solution is to be preferred. 

S. Effect of lecithin on charge and on sedimentation velocity 

Kfirten (3) and Theorell (5) report a decrease in sedimentation velocity 
of whole blood on the addition of lecithin. Both authors ascribe this 
stabilizing effect to a direct action on the cells; they assume an adsorption 
of lecithin at the cell surface with a resulting increase in charge. 

We have investigated the effect of added lecithin on the sedimentation 
rate of dog red cells both in their own plasma and in 1 per cent gelatin. 
To our 1 per cent gelatin solution (made up as previously described in 
Af/50 phosphate buffer plus 0.9 per cent sodium chloride) was added 0.06 
per cent of egg lecithin (Pfanstiehl). The pH of the buffer was not sig- 
nificantly changed by this concentration of lecithin. Dog cells in the 1 
per cent gelatin solution alone sank 113 mm. in 30 minutes; in the gelatin 
jduB suspended lecithin they sank less than 1 mm. in the same time. Dog 
cells in their own plasma sank 51 mm. in 1 hour; in plasma plus 0.05 per 
cent of added lecithin they sank 8 mm. in 1 hotur. 
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Electrophoresis determinations, however, demonstrate that the lecithin 
acts by a very different mechanism from that postulated by Kiirten and by 
Theorell. The mobility of the dog red cell in the buffer-sucrose-sodium 
chloride medium is approximately 1.55 micra per second per volt per centi- 
meter. When a dilute cell suspension and lecithin are mixed (in the ab- 
sence of any dissolved protein) the cells become attached to the particles 
of lecithin and the mobility is intermediate between that of cells and that of 
lecithin. When more cells are added (the suspension is still much less 
dense than that used in st^dimentation experiments) the mobility becomes 
that of the normal cells, the larger particles of lecithin being completely 
surrounded by ‘‘adsorbed” cells. In a 1 per cent gelatin solution made 
up in the same medium the mobility of the cells is 1.41 micra per second 
per volt per centimeter. This decrease in mobility in concentrated gelatin 
is due to increased viscosity in the double layer, not to adsorption of 
gelatin (6). The mobility of the lecithin particles in a 1 per cent gelatin 
solution becomes the same as that of the gelatin itself, approximately 

0.5 micra per second per volt per centimeter; i.e., the lecithin is completely 
coated with gelatin. When the cells and lecithin are mixed in the presence 
of 1 per cent gelatin, the cells are seen to move at exactly the same rate 
as in the absence of lecithin, 1.40 micra per second per volt per centimeter. 
The lecithin particles, which can easily be distinguished from the cells, move 
at the same rate as gelatin, 0.5 micra per second per volt per centimeter. 
Obviously, the action of the lecithin in decreasing sedimentation velocity 
in the presence of protein is not due to an adsorption of lecithin and in- 
creased charge on the cells, but rather to a binding of the protein by the 
lecithin, resulting in a decrease in the effective concentration of protein. 
The fact that the same concentration of lecithin has a much greater effect 
on sedimentation velocity in 1 per cent gelatin than in plasma is presumably 
to be explained on the basis that a given concentration of lecithin binds a 
smaller fraction of the protein present in plasma than in 1 per cent gelatin. 

SUMMARY 

1. The conclusion of Beilis and Scott that beef red cells are normally 
coated with plasma proteins is not confirmed. Normal cells do not adsorb 
measurable quantities of gelatin or of plasma proteins. 

2. Cells allowed to stand in the ice box in their own plasma or in 0.9 
per cent sodium chloride gradually lose their ability to form rouleaux 
in gelatin solutions, as shown by a decreased sedimentation velocity. 
This change is accelerated by washing the cells in isotonic sugar and may be 
accompanied by a slow and incomplete adsorption of protein at the cell 
surface. 

3. Small quantities of added lecithin inhibit the sedimentation of dqg 
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cells in plasma or gelatin. This inhibition is due to an adsorption of protein 
by the lecithin, thus decreasing the effective protdn concentratbn, not to 
a direct effect of the lecithin on the surface of the red cells. 

references 

(1) ABaAinoN, H. A.: J. Gea. Physiol. U, 469 (1929). 

(2) Bblus, C. J., and Scott, F. H.: J. Biol. Chem. Ill, 17 (1935). 

(3) KtlBTiiN, H. : Arch. ges. Physiol. 186, 248 (1920). 

(4) Monaghan, B. R., and White, H. L. ; J. <]len. Physiol. 19, 715 (1936). 

(5) Thbobedl, H. : Biochem. Z. 288, 1 (1930). 

^) White, H. L., and Monaghan, B. R.: Aim. J. Physiol. 116, 31 (1936). 

^) White, H. L., and Monaghan, B. R.: J. Biol. Chem. 118, 371 (1936). 



THE MECHANISM OF THE COAGULATION OF SOLS BY 
ELECTROLYTES. VI 

Cupric Febbocyanide Sol* 

HARRY B. WEISER and W. O. MILLIGAN 

Department of Chemistry, The Rice Institute, Houston, Texas 

Received June 11, 19S6 

A mechanism to account for the coagulating action of electrolytes on 
hydrophobic sols has been proposed as a result of investigations on sols of 
the hydrous oxides of iron (9, 15), aluminum (11), chromium (10), of 
arsenic trisulfide (13), and of sulfur (14). For the sake of clarity the 
essential points of the proposed mechanism will be illustrated by a specific 
example: (a) The micelles of a ferric oxide sol are, in general, positively 
charged, owing to preferential adsorption of ferric and hydrogen ions from 
the intermicellar solution. These ions form the inner portion of a double 
layer, the outer portion of which is a Gouy diffuse layer, usually of chloride 
ions, (b) A part of the chloride ions in the diffuse outer layer are at- 
tracted (adsorbed) to the inner layer so strongly that they cannot be 
detected potentiometrically, whereas the remainder, because of their 
relatively higher kinetic energy, exert sufficient osmotic force against the 
electrical attraction of the inner layer that they are a part of the inter- 
micellar solution, and so are measurable potentiometrically. (c) On 
adding to the sol an electrolyte such as potassium sulfate, the sulfate ions, 
being more strongly adsorbed than the chloride, take up a position closer 
to the inner layer of adsorbed hydrogen and ferric ions. This diminution 
in thickness of the double layer causes a decrease in the potential on the 
particles; when the potential is reduced sufficiently, coagulation results, 
(d) The adsorption of sulfate is accompanied by a displacement of ad- 
sorbed chloride from the innermost portion of the outer layer, (e) The 
difference between the chloride concentration before and after the addition 
of sulfate (in other words the displaced chloride) is not equivalent to the 
adsorbed sulfate, since a part of the sulfate which enters the layer cor- 
responds to chloride in the intermicellar solution of the original sol. (f) 
The order of magnitude of the adsorption of similar ions of the same valence 
such as sulfate, oxalate, and chromate is the same; hence they povssess a 

' Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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similar capacity to displace chloride and a similar coagulating power, 
(g) Ions such as ferricyanide, with three chai^, are drawn closer to the 
inner layer than the divalent ones. Hence less of a trivalent ion needs 
to be adsorbed than of a divalent ion to reduce the potential on the par- 
ticles to the same value, (h) The adsorption necessary to reduce the 
potential on the particles to the point of coagulation is less for trivalent 
ions than for divalent ions; and the displacement of chloride ions at the 
coagulation point is less with the former than with the latter, (i) Uni- 
valent ions, such as nitrate ion, are attracted toward the inner layer 
(adsorbed) much less strongly than multivalent ions; hence the potential 
on the particles is lowered much less for the same concentration of nitrate 
ion than for sulfate or ferricyanide ions. The displacement of chloride by 
nitrate is much less than for an equivalent amount of multivalent ions, 
since chloride is adsorbed somewhat more strongly than nitrate at the same 
concentration. 

Although the adsorption mechanism proposed to account for the action of 
electrolytes on hydrophobic sols was suggested from observations of the 
advantages and limitations of the well-known Freundlich theory, the 
categorical statement of Verwey and Kruyt (6, 7) that “The Weiser 
theory does not differ essentially from that of Freundlich” is not justified. 
As a matter of fact, sixteen years ago the author (8) was the first to point 
out that one of the fundamental concepts of Frcundlich’s original theory 
was not supported by experiment, namely, that the adsorption of ions of 
varying valence is equivalent at the precipitation concentration of the 
ions. This has since been recognized by Freundlich (1) himself. The 
mechanism proposed above not only accounts for the variation from equiv- 
alent adsorption at the coagulation concentration of ions of varying 
valence, but also suggests why equivalent adsorption of ions of varying 
valence is unnecessary to effect precipitation at the varying precipitation 
concentrations. In the proposed mechanism, the reduction in the poten- 
tial at the surface of the particles on adding electrolytes is attributed to a 
contraction of the double layer as a result of adsorption of the precipitating 
ions. Verwey and Kruyt accept Miiller’s (4) point of view and conclude 
that the lowering of the f-potential is “merely due to ‘compression’ of the 
diffuse outer layer and a subsequent increase of the capacity of this part 
of the double layer” (7). Since, in general, the thickness of the iimer layer 
of the double layer is changed but little on the addition to sols of small 
amounts of electrolytes with high coagulating power, it follows that the 
decrease in thickness of the double layer, to which we have attributed 
the lowering of the f-potential, implies a compression of the outer layer. 
Hence it would appear that our point of view differs from that of Verwey 
and Kruyt chiefly in that the contraction of the double layer or compression 
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of the outer layer is believed by us to result from adsorption of precipitat- 
ing ions, whereas Verwey and Kruyt consider that adsorption is neither a 
necessary nor a sufficient cause of potential reduction at the surface of the 
particles. The conclusions of Verwey and Kruyt were based on the results 
of their important investigations with negative silver iodide sol (6, 7). 
With this sol it is claimed (a) that in some cases complete adsorption 
occurs at mu(di lower concentrations than corresponds to the flocculation 
value, and (b) that in other cases flocculation occurs long before sufficient 
electrolyte is added to reach the maximum adsorption. An example of 
the first behavior is the adsorption of U 02 ^^ by a sol containing 75 g. 
of silver iodide per kilogram of sol. The precipitation value was 4 milli- 
equivalents per kilogram of sol, but the maximum adsorption of 0.23 
milli(^quivalent was reached when only 0.5 milliequivalent was added. 
In these adsorption studies Verwey and Kruyt determined the amount 
taken by analyzing the ultrafiltrates. Since ultrafiltration of a sol in- 
fluences the adsorption equilibria, it is questionable whether the com- 
position of the intermicellar solution should be deduced from an analysis 
of the ultrafiltrate. In this connection McBain and McClatchie (3) 
showed that the hydrogen-ion concentration of the ultrafiltrate from a 
ferric oxide sol varies many fold with the rate of ultrafiltration. 

That flocculation may occur long before enough electrolyte is added to 
reach the maximum adsorption is illustrated by the flocculation of a silver 
iodide sol by adsorption of a very small amount of Ce'^++ in the presence 
of a large excess of . Thus an undialyzed sol containing 80 millimoles 
of silver iodide, 80 millimoles of nitric acid, and 8 millimoles of hydriodic 
acid per liter adsorbed little or no cerium at the coagulation value. In 
this case the combined adsorption of Ce'^"^+ and H+, chiefly the latter, 
accounts for the reduction of the f-potential to the coagulation point. 
Moreover, Verwey and Kruyt always observed a marked retrograde 
adsorption or falling-off of adsorption above the coagulation point, which 
they attributed to “a decrease in surface caused by a secondary change 
in the coagulum'^ (6). This factor may be, in part, responsible for the low 
adsorption of cerium under the above conditions. 

The silver iodide sol is a comparatively simple system containing highly 
disperse silver iodide particles, which are negatively charged owing to 
preferential adsorption of iodide ions from the highly ionized hydriodic 
acid. Since this sol appears to behave differently in certain respects from 
the series of sols investigated in this laboratory, it seemed advisable to 
study the behavior of a sol of similar structure on the stepwise addition 
of electrolytes. The sol chosen ^vas cupric ferrocyanide sol, which is 
negatively charged owing to preferential adsorption of ferrocyanide ions 
from the highly ionized hydroferrocyanic acid. 
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FOBMATION OF CUPBIC FBBROCYAKIOE SOIi 

Preparation of H 4 Fe(CN)e. Pure cupric ferrocyanide is best prepared 
by the interaction of hydroferrocyanic acid and a cupric salt (6, 9). The 
^1, as ordinarily prepared from potassium ferrocyanide and a cupric salt, 
contains more or less of the potassium salt. Since it was essential in the 
present work to avoid the presence of cations other than hydrogen and 
copper, hydroferrocyanic acid was always employed in preparing the gel. 
The acid was prepared as follows: 100 g. of potassium ferrocyanide was 
dissolved in 500 cc. of water freshly boiled to remove dissolved oxygen. 
The solution was cooled to 10®C., and slightly more than an equivalent 
amount of concentrated hydrochloric acid was added. Any potassium 
chloride which precipitated was dissolved by adding a little water; then 
125 cc. of cold ether was poured slowly into the bottle, which was shaken 
gently with a whirling motion in order to bring the ether slowly in contact 
with the solution. By this procedure a hydroferrocyanic acid~ether com- 
pound was precipitated as a coarse, crystalline mass which was transferred 
rapidly to a Buchner funnel and washed, first with a mixture of dilute 
hydrochloric acid and ether, and finally with pure ether. After the crystals 
were dry, they were transferred to a flask and dissolved in 250 cc. of ab- 
solute alcohol. The small amount of potassium chloride adsorbed by the 
crystals was insoluble in the alcohol and was filtered off. The solution 
was next mixed with absolute ether and the resulting crystals were trans- 
ferred to a Btichner funnel and washed wth absolute ether. The com- 
pound was then placed in a vacuum desiccator over sulfuric acid and 
evaporated with a'water pump until most of the ether was removed, after 
which a high vacuum was maintained by the continuous operation of an 
oil pump for thirty-six hours. The resulting product was pure white and 
was quite stable in the absence of moisture. 

Preparation of Cu 2 Fe(CN)e get Sufficient hydroferrocyanic acid to 
make 2 g. of gel was dissolved in 200 cc. of water in an 800-cc. beaker and 
an equivalent amount of pure cupric acetate in 200 cc. of water was placed 
in a separatory funnel. The copper solution was allowed to run slowly 
into the hydroferrocyanic acid solution, which was stirred vigorously with 
a motor-driven stirrer. Since the gel was found to peptize most easily if 
an excess of copper was avoided, the precipitation was brought to com- 
pletion carefully in the following way: after approximately 95 per cent of 
the necessary copper solution was added, the mixture was transferred to 
two 260-ec. Pyrex bottles and centrifuged in a No. 1 International Equip- 
ment Company centrifuge at 3000 r.p.m. for 5 minutes. Since most of the 
cupric ferrocyanide remained in the sol state in the presence of the excess 
hydroferrocyanic acid, copper solution was added to the bottles in 2-, 1-, 
and 0.6-cc. portions with intermediate centrifuging until the gel was thrown 
down and, finally, dropwise until the supeniatant solution was clear or 
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only slightly turbid. After the gel was well matted down by centrifuging, the 
supernatant liquid was poured off and the gel was washed in the following 
way: approximately 100 cc. of water was added to each of the bottles, 
which were shaken vigorously to break up the gel thoroughly. The bottles 
were then filled with water; after shaking they were centrifuged as before. 
Again a considerable portion of the gel was peptized to the sol state, and 
copper solution was added dropwise with intermediate centrifuging until 
the supernatant solution was almost clear. This was poured off and the 
washing was repeated two more times by the same procedure. In this 
way a 1-g. portion of cupric ferrocyanide was washed three times with 250- 
cc. portions of water, thereby removing the reaction product, acetic acid, 
almost completely. 

Peptization of Cu 2 Fe(CN )6 gel. The 2 g. of washed gel was suspended in 
approximately 100 cc. of water, and sufficient hydroferrocyanic acid was 
added to make a solution bcitween 0.001 and 0.002 N. After shaking at 
intervals for an hour or two, the mixture was allowed to stand. The 
resulting sol was quite clear and deep red in color. The small amount of 
unpeptized solid was removed by centrifuging, and the sol was ready for the 
titration and adsorption studies. Since hydroferrocyanic acid is instable 
in contact with water, undergoing an internal oxidation-reduction reaction 
with the formation of Prussian blue and hydrocyanic acid, it might be 
expecte<l that the sol would be quite unstable; but this is not the case. 
Although free hydroferrocyanic acid is quite unstable, the adsorbed acid is 
stable. Sols prepared by the above method have stood for weeks without 
appreciable sedimentation. Of course, any unadsorbed hydroferrocyanic 
acid in the intermicellar solution will decompose gradually, but in the sols 
prepared as above described, only a little excess hydroferrocyanic acid was 
present. In any event, sols which had stood three or four days underwent 
no change in hydrogen-ion concentration during the course of the experi- 
ments. 


TITRATION ANq ADSORPTION EXPERIMENTS 

The stepwise addition of electrolytes to sols and the measurement of the 
accompanying change in concentration of 'Vounter ions^^ is termed ti- 
tration. 

The method of procedure employed in the present investigation was 
similar to that described in former papers in this series: 20 cc. of sol was 
placed in the outer compartment of an all-glass mixing apparatus and a 
definite volume of electrolyte diluted to 5 cc. in the inner compartment. 
The electrolyte and water were measured with calibrated 2-cc. Mohr 
pipets graduated in 0.01 cc. After thorough shaking, the mixture was 
transferred to 50-cc. Pyrex flasks and allowed to stand four hours. The 
hydrogen-ion concentration was determined by means of the glass elcc- 
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trade, using a Youden apparatus with a glaa»>bulb dectrade i»«paied witii 
Corning 015 glass. 

The adrarption of barium and strontium ions, at or above the predpita* 
tion concentration for the sol, was determined as follows: 50- or dO-cc. 
portions of sol were precipitated in Pyrex bottles under the same condi- 


TABLE 1 
Ttiraiion of $ol I 



Fig. 1. Curves for adsorption of Ba'^'*’ and displacement of H*** in the titration of 
cupric ferrocyanide sol I with barium chloride. 


tions as described above, and after standing four hours, the mixture was 
centrifuged and 50-cc. samples of the supernatant liquid were taken for 
analysis. The barium and strontium were determined as sulfate following 
standard methods of procedure^ 

Experiments with sol I. The experiments were limited to salts of the 
alkalis and alkaline earths, since the ferrocyanides of the other metals me 
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insoluble. After preliminary work had demonstrated the applicability of 
the experimental technique to the case at hand, observations were made of 
the hydrogen-ion displacement and adsorption of barium ion on titrating 
a sol containing 18 g. of cupric ferrocyanide per liter with 0.02 N barium 
chloride. The results are shown in table 1 and are reproduced graphically 
in figure 1. It is apparent that the displacement of hydrogen ions is less 
than the amount of barium added and of barium adsorbed. The dis- 


TABLE 2 
Titration of sol II 


0.02 N BaClt 
ADDBD TO 20 CC. OF 
SOL. TOTAL VOLUMB, 

25 OC. 

X 10* 

IN flOLtmOM 

IHU X 10» 

DWPLACBD 

ADDED i 

IBa^I X 10» 

ADSORB BD 

■EH 

0 85 

0 0 

0 0 



0 98 

0.15 

0 4 



1.10 

0 25 

0 8 


1 5 

1 54 

0.49 

1 2 


2.0 

1 54 

0.49 

1 6 


2.5 

1.54 

0 49 

2 0 

1 65 

5.0 

1 54 

0.49 

4 0 

2.51 



Fig. 2. Curves for adsorption of and displacement of in the titration of 
cupric ferrocyanide sol II with barium chloride. 


placement is complete somewhat below the precipitation value, indicated 
by a vertical line cutting the displacement curve. Most of the added 
barium is adsorbed at concentrations just above the precipitation value. 

Experiments with sol IL A second sol was prepared using but one-half 
the amount of hydroferrocyanic acid to effect the peptization as was used 
in sol I; it contained 13 g. of cupric ferrocyanide per liter. The obser\"a- 
tions of displacement of hydrogen and adsorption of barium on titrating 
with barium chloride are given in table 2 and figure 2. As was to be 
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expected, tlie hydrogen-ion concentration of the sol at the start was less 
than for sol I and the amount of hydrogen icm displaced by tite added 
electrolyte was corresponcffingly less. 

Experiments with sol III. For the purpose of comparing the action of 
different electrolytes, a third sol of hydrogen-ion concentration inter- 
mediate between I and II and containing 16 g. of cupric ferrocyanide per 


TABLE 3 


Titration of sol III 


KUBCTROLYTB 
ADDMD TO 20 CC OF 
BOL. total VOLUlil, 

25 CC. 

X 10» 

IK SOLUTION 

(H+J X 10» 

DIBPLACBD 

BQDIVALBKTB X 10* 
ADDBD 

BaUIVALSKT X 10* 

AXmOBBBD 

0.02 N BaCU 



i[Ba++l 

ilBa++l 


0.97 

0 0 

0 0 


1 0 

1 15 

0 18 

0 8 


1.5 

1 19 

0 22 

1 2 



1 26 

0 29 

1 6 


2 5 

1 29 

0 32 

2 0 


2.8 



2.24 

1.74 


1 29 

0 32 

2 4 


5 0 

1 29 

0 32 

4 0 

2 07 

0.02 N SrClg 




ilSr+-^l 

0,0 

0 97 

0 0 

0 0 


1 0 

1 08 

0 11 

0 8 


1 5 

1.13 

0 16 

1 2 


2 0 

1.22 

0 25 

1 1 6 


2 5 

1.24 

0 27 

2 0 


2 8 



2 24 

1 55 

3.0 

1 26 

0 29 

2 4 


4.0 

1 26 

0 29 

3 2 


n 



4 0 

1.72 

0.033 N KCl 



IK^l 


0.0 

0 97 

0.0 

0 0 


1 0 

1 08 

0.11 

1 33 


2.0 

1 15 

0 18 

2 67 


3 0 

1 19 

0 22 

4 00 


4.0 

1 19 

0 22 

5.33 


5.0 

1 19 

0 22 

6 67 



liter was titrated with the chlorides of barium, strontium, and potassium; 
and the adsorption of barium and strontium was determined. The data 
are given in table 3 and figure 3. It is apparent that the coagulating power, 
displacing power for hydrogen^ ion, and the adsorption of strontium and 
barium are similar, but the values for strontium arc somewhat less in 
every case than for barium. The univalent potassium ion has a definitely 
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lower coagulating power than the divalent ions, and the power of the former 
to displace hydrogen ions is lower at the sam6 concentration. 

DISCUSSION OF RESULTS 

The behavior of cupric ferrocyanide sols towards electrolytes is so 
much like that of the hydrous oxide and sulfur sols, that it can be explained 
by a similar mechanism. Cupric ferrocyanide gel peptized by hydro- 
ferrocyanic acid is negatively charged, owing to preferential adsorption 
of the common ferrocyanide anion. Since the ionization constant of the 
fourth hydrogen ion is so small (2), it is probable that even in the dilute 



Fia. 3. Curves for adsorption of precipitating cations and displacen^ent of 
in the titration of cupric ferrocyanide sol III with the chlorides of barium, strontium, 
and potassium. 

solutions employed, the anion is chiefly HFe(CN)6 (represented by 

R in figure 4) rather than Fe(CN)6 . In any event, the negative 

ions may be assumed to form the inner portion of a double layer surround- 
ing the hydrous particles of cupric ferrocyanide, as represented diagram- 
matically in figure 4a. The counter ions are hydrogen ions which form the 
diffuse outer portion of the double layer. Some of the hydrogen ions 
are held so strongly (adsorbed) by the attractive force of the inner layer 
that they are not detected by a hydrogen electrode, whereas others, because 
of a relatively higher kinetic energy, exert sufficient osmotic repulsive 
force against the attraction of the adsorbed ferrocyanide ions so that they 
are a part of the intermicellar solution and thus influence the hydrogen 
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electrode. These are rejnreseated in the diagram beyond the dotted line. 
On adding an electroljde subh as barium ddoride to the sol, the divtdent 
barium ions are attracted more strongly by tbe inner layer than the counter 
hydrogen ions, as shown diagrammatically in figure 4b, and the thickness 
of the double layer is reduced. At the same time, some adsorbed hydrogen 
ions are displaced and are detected in the intermicellar solution. This 
contraction of the double layer or compression of the outer layer resulting 
from stronger adsorption of barium ions than hydrogen ions imder the 
prevailing relative concentrations, causes a lowering of the {'-potential 



Fig. 4. Diagrammatic repreaentation of the constitution of a particle of colloidal 
cupric ferrocyanide before and after the addition of Ba'^'*'. 

on the particles; when this is reduced sufficiently, coagulation takes place. 
The displacement of adsorbed hydrogen ions by adsorbed barium ions 
is far from an equivalent displacement, since most of the adsorbed barium 
ions correspond to hydrogen ions which are in the intermicellar solution 
and so are measurable potentiometrically in the ori^nal sol. It is not at 
all surprising that in certain cases all the adsorbed hydrogen ions are dis- 
placed b^ore sufficient barium ions are adsorbed to reduce the f-potential 
to the coagulation point. 

ffince most of the added barium ions are adsorbed at concentrations 
sUi^tly dboee the coagulation value, it would follow that most if not all the 
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added barium ions are adsorbed below the coagulation value. Since the 
total barium adsorbed above the coagulation value is somewhat greater 
than the total hydrogen ions in the sol, it follows that, to a certain extent, 
both barium ions and chloride ions are adsorbed in equivalent amounts 
from the barium chloride solution. The observed phenomena are almost 
identical with those using the positive hydrous oxide sols of iron, aluminum, 
and chromium in which the counter ions are chloride ions, and the pre- 
cipitating electrolyte is potassium sulfate (11). The behavior of strontium 
chloride is similar to that of barium chloride, whereas potassium chloride 
has a lower precipitating power, because potassium ions are less strongly 
adsorbed and displace hydrogen less strongly than the divalent ions at the 
same concentration. 

From the above observations it is concluded that the action of electro- 
lytes on cupric ferrocyanide sol is similar to that previously observed on 
five other sols. The lowering of the f-potential of the cupric ferrocyanide 
particles on the addition of electrol 3 rtes is due to the contraction of the 
double layer or, if preferred, to a compression of the outer layer resulting 
from adsorption of the added cations. At all concentrations the cation 
adsorption is much greater than the hydrogen-ion displacement, since most 
of the counter ions in the diffuse layer are in the intermicellar solution. 
The adsorption Ls for the most part an exchange adsorption, in which the 
cations carried down are in exchange with the counter hydrogen ions of the 
diffuse outer layer. The apparent difference in behavior between the sols 
investigated in this laboratory and the silver iodide sol studied by Verwey 
and Kruyt, is that in the former the potential reduction results from ad- 
sorption of precipitating ions, Avhereas in the latter, adsorption may not be 
essential for all the potential reduction. It is a matter of opinion whether 
the behavior of the six sols which we have studied should be regarded as 
special, whereas that of the silver iodide sol typifies the general behavior as 
claimed by Verwey and Kruyt, or whether the reverse is true. 

SUMMARY 

1. A study has been made of the adsorption of cations and of the dis- 
placement of hydrogen ions during the electrolyte coagulation of negative 
cupric ferrocyanide sol prepared by peptization of cupric ferrocyanide gel 
with hydroferrocyanic acid. 

2. At concentrations both above and below the precipitation value, the 
adsorption of cations is much greater than the displacement of hydrogen 
ions, since most of the hydrogen ions, which constitute the diffuse outer 
portion of the double layer surrounding the particles, are in the inter- 
micellar solution. 

3. The adsorption of cations is largely an exchange adsorption, in which 
the cations carried down by the precipitated gel are in exchange with 
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the counter hydrogen i<ms of the diffuse outer portion the double 
layor. 

4. Itie lowering of the f-potaitial of the cupric ferrocyanide particles on 
the addition of electrolytes is due to the ccmtraction (ff l^e double layer, or, 
if preferred, to a compression of the outer layer resulting frcnn adsorption 
of the added cations. 

5. The behavior of cupric ferrocyanide sol toward electrolytes is siinilar 
in essential respects to liiat of hydrous o»de sols, sulfur sol, and arsenic 
trisulfide sol investigated in this laboratory. 

6. The apparent difference in behavior between the six sols studied, 
by us and the silver iodide sol studied by Verwey and Kruyt, is that in 
the former the potential reduction results from adsorption of precipitat* 
mg ions, whereas in the latter, adsorption may not be essential for^all 
tire potential reduction. 
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The controversies concerning the origin of electromotive force have 
offered a great stimulus for the developmeny|fc|j^ctrochemistry (14) . The 
existence of a metal-surface work function Si tnelMrface of metals immersed 
in water is either denied or ignored by a number of electrochemists (18). 
Others, reasoning from the behavior of metals in the highest vacuum 
obtainable, con.sider that a condenser must exist with or without a chemical 
reaction at the surface. To date no important tool for the complete under- 
standing of electrochemistry has been evolved from either the chemical- 
reaction or the contact-potential theory, although the latter has the 
advantage. 

The pioneering work of Butler (3) pointed the way for development. 
Shortly after Butler work the picture of a metal became much more com- 
plicated. The Sommerfcld (16) and Bloch (1) theories of metals gave a 
much clearer picture of the energy relationships at the metal surface. 
These theory's divided the total metal-surface work function into two 
parts, the internal and the external work function. Gurney (9) modified 
the external work function by introducing a division termed the ^‘inter- 
face*’ potential to account for the resultant condenser in the interface of 
a metal in a solution. The “interface” potential seemed absolutely new, 
but in reality Gurney merely used the concepts and language of molecular 
spectroscopy to describe the forces that cause the adsorption of ions on an 
electrode, and named the potential of the adsorption condenser the “inter- 
face” potential. He showed that the energy which produces the adsorption 
of ions can be represented as the difference between two electron energy 
levels, — the electron energy level of the metal and the electron energy level 
of the ion in solution. After he had proved the necessity for an increased 
adsorption of ions during the pttssage of current across a metal interface, 
he explained the overvoltage data of Bowden (2). Bowden adjusted his 
electrodes until their potentials were that of the equilibrium hydrogen or 
(^ygen electrode at the start of the experiment. 


' Presented at the Thirteenth Colloid Symposium, 
June n~13, 1986. 
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The hypothesis of ion adsorption on the surface of metals has been a 
very important part of a large number of theories of the phenomena of 
metal surfaces. Helmholtz (10) in 1879 suggested an ion adsorption con- 
denser to explain a number of characteristics of metals, including electro- 
kinetic potentials. His theory has been modified and extended by a large 
number of theorists, including Debye and Hiickel ( 5 ), Gouy (8), Stern (17), 
and Freundlich (7). Langmuir pointed out that an ion adsorption con- 
denser furnishes the only true potential of an electrode. The structure of 
the adsorption condenser is in dispute, but there is general agreement that 
the adsorbed layer must be mobile enough to participate in electrokinetic 
phenomena and it must be sensitive enough to the concentration of the 
ions in the solution so that its contribution to the electrode potential will 
be in accord with the thermodynamic equation of Nemst. 

Our (4) recent experiments on the rapid motion^of metals through solu- 
tions indicate that electrokinetic potentials at crystalline metal surfaces 
are produced by the disturbance of a layer of adsorbed colloidal particles. 
The rate of build up and decay of the potential is too slow for the phenome- 
non to be due to the behavior of simple ions (12). Metallic colloids have 
a characteristic effect on the potential. The chemical reaction theory is 
eliminated. In other experiments we (11) produced very large electro- 
kinetic potentials at noble metal electrodes during overvoltage measure- 
ments at low current densities. It seems still more obvious that the latter 
are due to the disturbance of a layer of colloidal particles in the interface. 
If the very important principle of Butler and Gurney, that ‘‘the passage of 
a certain current across an electrode interface necessitates a certain over- 
potential,” is to be accepted, any great disturbance of the overvoltage at 
low current densities by movement of the interface through the solution 
indicates (1) that a part of the hypothetical equilibrium condenser has 
been disturbed, and (2) that this part of the equilibrium potential is made 
up not of the ions of the solution whose concentration is established by the 
current, but of colloidal particles of hydrogen and metal. 

In the experiments on overvoltage another very interesting phenomenon 
was observed. The metals copper, silver, gold, and platinum, when polar- 
ized cathodically in pure dilute aqueous sulfuric acid solutions at current 
densities of less than lO""® ampere per square centimeter, showed electrode 
potentials in the platinum direction from the equilibrium hydrogen elec- 
trode. The solutions were very carefully freed from traces of oxygen by 
boiling and cooling in a stream of purified hydrogen; purified hydrogen 
was bubbled through the solution during the measurements. Previous 
cathodic polarization at high current strengths and moving the metal 
rapidly through the solution cause the potentials to go farther in the plati- 
num direction. Long periods of polarization in an apparatus where the 
hydrogen gas could be collected proved that hydrogen was not liberated. 
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Weighing the cathodes before and after the individual experiments and 
spectroscopic analyses of the anodes showed that colloidal particles of 
metal carrying a negative charge were plated off of the cathodes. 

Examples of the plating of metals off of cathodes are quite numerous in 
the experience of electroplaters; the phenomenon is most baffling in the 
light of the principles accepted at present. Kohlschutter (13) has ultra- 
photomicrographic evidence that there are colloidal particles in the elec- 
trode interface and claims that they play an important part in the 
electroplating process. Our experiments establish ^‘the solution-of-the- 
negatively-charged-cathode-colloids’* as the explanation of plating-off 
processes and indicate most clearly the need for a theory in which colloidal 
particles play a very important part. 

The point from which we think the theory should start is indicated by 
the results of the recent experiments on electron diffraction from pure 
polished metal surfaces. Attempts to secure an indication of structure in 
a polished metal surface using electron methods always fail. The beam is 
diffused into broad lines. Since it is possible to get an indication of struc- 
ture from natural crystal surfaces that are essentially plane, the results of 
the experiments on polished metals indicate quite definitely that such a 
surface is made up of particles of finely divided metal. Such a premise 
leads logically to the conclusion that finely divided particles are an intrinsic 
part of the metal surface, and that polishing a surface merely thickens the 
layer. 

During the rest of this discussion we shall outline a theory of electrode 
potentials in which we consider a single electrode potential as being com- 
posed of the metal-surface work function and a colloidal adsorption con- 
denser. 


THE METAL 

The conception of a metal which we shall use is essentially that originated 
by Sommerfeld and modified by Bloch. For some purposes all of the 
electrons of the metal atoms may be considered as being free to move from 
one end of a perfect lattice to the other without resistance. Electrical 
resistance is produced by a disturbance of this lattice. For the purposes 
of the quantum statistics, the electrons may be considered as bound in 
energy levels to which they are assigned according to the Pauli exclusion 
principle. The outermost electrons, the so-called valence electrons, be- 
have like a very highly compressed or degenerate gas, obeying the Fermi- 
Dirac statistics. They are the only ones that can respond to an external 
electric field, make transitions to higher energy levels of the electron gas, 
change direction under influence of an electric field, and hence participate 
in the electronic conduction process. 

These principles apply only as long as the perfect lattice exists. Local 
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irregularities, such as the surface of the peifect crystal, introduce new 
levels. For example, some space charge barrier must balance the maxi- 
mum kinetic energy of the electrons, from 2 to 20 volts, so that the only 
effective electron barrier is the external work function. Such a space 
charge barrier might be formed by an impurity that, being stuck to the 
surface, becomes charged by induction and so affects the periodicity of the 
field near the boundary that the lower energy levels are damped out. The 
external metal-surface work functions, however, are measured when the 
possibility of impurities being present is at a minimum. At any rate it is 
not desirable to develop a theory of an ideal metal surface assuming the 
existence of an impurity. As has already been pointed out, there has 
accumulated an appreciable amount of direct and deductive evidence for 
the existence of a layer of finely divided metal in the metal surface. There- 
fore our theory assumes the adsorption on a pure metal surface of a layer 




Pig. 1. The energy relations at the surface of a noble (Af) and an active (i4) 

metal in a vacuum 


of finely divided metal particles that are charged with excess negative 
charges (electrons) sufficient to balance the maximum kinetic energy of the 
metal electrons. 

The energy relations at the surface of a noble and an active metal in a 
vacuum are represented by N and A, respectively, in figure 1. W and Wi 
are the total metal-surface work functions, or the potential barriers for an 
electron of zero kinetic energy; n and w are the external metal-surface work 
functions, or the potential barriers for an electron of maximum kinetic 
energy; and Ul are the maximum kinetic energies of the electrons at 
O^K. tf® is given by the equation. 



(1) 
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where h is Planck^s constant, m is the mass of tlie electron, and n is the 
number of electrons per unit volume. The energy distribution function 
expressing dn^t the number of electrons per unit volume whose total kinetic 
energies lie between w and w + die, is 


dn«, 


dw’ 


kT 


+ 1 


( 2 ) 


It is possible to show from this distriinition function tliat may be used 
as the approximate value of th(‘ maximum kinetic energy of the electrons 
at room temperature. The relatively enormous velocities of the electrons 
arc counteracted at the metal surface by a layer of negatively charged 
metal particles, whih? the crystalline metal assumes a positive charge as a 
result of the particles being negatively charged (see figure 1). Any elec- 
tron that gets inside of this layer will be accelerated enormously toward 
the crystalline metal, and an electron emerging from the metal surface with 
the maximum velocity will have its velocity reduced to zero by the time it 
reaches the particle layer. Therefore it is necessary to give the electron 
the additional energy, in order that it may overcome the force diie to 
the attraction of the electric image and the force due to the attraction of 
the electrostatic environment and escape. 


THE SOLUTION 

We shall consider the solution in which the metal is immersed from the 
energy level point of view in much the same way that Fowler (6) has. 
Positive ions and dissolved oxidizing agents are regarded as possessing 
empty electron energy levels. In the gas phase, positive ions have rather 
low energy levels (large ionization potentials), but when they dissolve in 
a polar solvent such as water, ions of the metals above hydrogen lose con- 
siderable energy so that their energy levels are raised, while ions of the 
metals below hydrogen gain energy so that their energy levels are lowered. 
When the positive ion is stable its empty energy level must be equal to or 
above any full electron energy level in the metal, such as the maximum kinetic 
energy level, or the full energy level of a negative ion. The energy level 
of a positive ion in solution can be raised, with respect to a metal energy 
level, by diluting the salt furnishing the positive ion or by giving the solu- 
tion a negative charge with respect to the metal. The energy level of a 
positive ion in solution can be raised with respect to a negative ion only by 
dilution. 

The negative ions and dissolved reducing agents are regarded as possess- 
ing full electron energy levels in the solution. The negative ions in the 
gas phase have energy levels that are not as low, on the energy scale, as 
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the energy levels of the positive ions. The two kinds of ions neutralize 
each other on collision. When the negative ions are dissolved in a polar 
solvent like water their energy level is lowered until both positive and 
negative ions exist as separate ionic species. It is necessary for the energy 
level of a negative ion to be lower than the metal energy level because the 
metal furnishes the electron supply. The energy level of the negative ion 
can be lowered with respect to a metal energy level by dilution, or by 
giving the solution a positive charge with respect to the metal . The energy 
level of a negative ion can be lowered with respect to a positive ion only 
by dilution. 



Fig. 2. The reaiilt of the raising of the energy level of the positive ions of an 
active (A) and of a noble (N) metal 


If the electron energy level of an ion is occupied by an electron it is a full 
level ; if it is not occupied it is an empty level. For any ion species that 
participates in the reactions at an electrode interface the full and the empty 
energy levels tend to be the same. 

THE ELECTRODE 

When a metal is placed in an aqueous solution of its salt the energy rela- 
tions in the surface are changed. The colloidal particles become identified 
with the electrical surface of the solution, so that any charge on the colloidal 
particles is now the net charge on the solution. The instantaneous effect is 
the raising of the electron energy level of the solution ions in the surface of 
the layer, owing to the charge the colloid had in a vacuum. The result of 
the raising of the energy level of the positive ions of an active metal is 
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shown in figure 2{A) at The empty positive ion level is higher than 
the metal energy level. The colloidal layer will have metal atoms on the 
surface of the particles that can be considered as solution ions possessing 
full energy levels. These full energy levels must lose electrons to the 
crystalline metal, producing a decrease in the negative charge on the solu- 
tion, a decrease in the positive charge on the metal, and a positive ion in 
the solution. As a final result when equilibrium is reached the metal 
energy level is raised and the empty positive ion energy level is lowered 
until the two levels are the same. This situation is shown at L*, figure 
2(A). 

The immediate result of the raising of the energy level of the ions of a 
noble metal is represented in figure 2(N) at The empty energy 

level of the solution ion is below the energy level of the electrons in the 
metal. Electrons can flow from the metal into the ion level, producing a 
full positive ion level or a neutral metal atom that deposits on the crystal- 
line metal. This process charge's the solution more negatively and the 
crystalline metal more [)ositively, so that the metal energy level is lowered 
while the energy level of the solution ion is raised until the two levels are 
the same and equilibrium is established. This latter situation is repre- 
sented at Ley figure 2(N). 

When equilibrium is reached at an electrode the energy barrier for the 
electrons in the metal is changed from fx to fx — fV = fEy where V is the 
interface potential for the electrode, /x = W — the external metal- 
surface work function, E is the electrode potential, / is the charge on the 
electron, and/F is the energy of transformation 1', shown in figure 2. Any 
lack of definition of the energy levels is matched on the inside and outside 
of the metal. The current of electrons leaving the perfect lattice of the 
metal and neutralizing solution ions of the colloidal layer is given by the 
expression 


-{Wi~r^-nFV) 

ii = Ki(M+)Te (3) 

where is the activity of the metal ions. The current of electrons, from 
the full energy levels in the colloidal 4yer, that flows into the metal leaving 
ions to be hydrated in the solution is given by the expression 


MWj- V^ -Wh-nFV) 

i, = K^(P)Te (4) 

where P is a constant characteristic of the metal and Wh is the energy of 
hydration of the ions. When the electrode is in equilibrium, the currents 
ii and Z 2 are equal. Equating equations 3 and 4 gives 
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nFE 


Wk 


+ RT In 


Ki(M+) 

K,iP) 


(6) 


or 


E^Eo + t^ln (M+) (6) 

which is the thermodynamic equation of Nernst. 

A cell made up of the two different types of electrodes such as those 
shown in figure 2 can be represented by a solution connection between the 
two interfaces. The electromotive force of the cell, measured on a po- 
tentiometer, would be Ec = Ea — Em, or the difference between the 
energy levels of the solution ions in the colloidal layers of the two electrodes. 
The contribution of the metals to the electromotive force is the contact 
difference of potential, <f> (figure 1). The contribution of the solution to 
the electromotive force is EV — EVi. 

ELECTBOKINETIC POTENTIALS AT METAL SURFACES 

The importance of the r61e played by the colloidal particles in supplying 
either empty or full energy levels (metal atoms) to the positive ions in solu- 
tion is emphasized by a consideration of what happens when an electrode 
is moved rapidly through a solution. It is obvious that the large frictional 
and centrifugal forces will throw the particles out into the solution. This 
removal of the colloidal particles removes the source of full electron energy 
levels to a position where the tendency of the electrons to leak to tht; metal 
is reduced, and if the instantaneous energy level of the solution ions, M+, 
is any above or below the metal energy level in a vacuum the effective elec- 
trode potential changes. 

Let us consider an active metal in pure water first. The removal of the 
colloidal particle makes it possible to set up only a false equilibrium. The 
positive ion level will return toward its instantaneous position, M+, and 
the metal energy level will return toward its position in vacuum, trans- 
formations 2,2', and 2" (figure 2). The solution gets a more negative 
charge in order to balance the kinetic energy of the metal electrons at L„ 
and the chemical reaction fills emptyiiydronium ion levels. The electrode 
potential of the metal changes in the platinum direction. If the above 
experiment on the electrokinetic potential of an active metal is repeated 
in solutions of its salts, the electrokinetic potential of the metal is not so 
large. The decrease in the electrokinetic potential is not dependent upon 
the increased activity of the salt in the solution alone, but also upon the 
effect of the colloidal particle in solution upon the energy levels of the ions. 
It is not very easy to predict the shape of the electrokinetic potential- 
concentration of electrolsrte curve, so it will not be attempted here. 
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Violent motion of the noble metal in water wipes o£f the colloidal parti- 
cles. The energy level of these particles is below the energy level of the 
hydronium ion, and since the negative charge on the solution is too great 
to balance the maximum kinetic energy of the metal electrons, electrons 
are forced into the metal. The energy level of the metal in vacuum tends 
to be restored and the electrode potential changes in the sodium direction, 
Lr. If the solution contains positive ions into which tlu' electrons can flow, 
an added salt, then the potential of the electrode may change in the plati- 
num direction. 

The predictions that have Ixicn made concerning the electrokinetic po- 
tentials at metal surfaces, using the colloidal layer theory, are in very good 
agreement with the facts. The magnitude and sign of the electrokinetic 
potentials of metals in pure water are correct for improving the agreement 
between metal-surface work functions and molal electrode potentials. 

THE HYDROGEN ELECTRODE 

According to the general description given of an equilibrium electrode, 
the hydrogen electrode must be an electrode whose potential is dependent 
upon the energy level of the hydronium ions in solution. The hydronium 
ions in solution must have a supply of both empty and full energy levels, 
the hydronium ion level must be the same as the metal energy level, and 
the metal energy level must be in equilibrium with the hydrogen gas mole- 
cule.s when equilibrium is reached. The metal must supply a large amount 
of colloidal metal to adsorb the monatomic hydrogen. The colloidal layer 
must possess monatomic hydrogen or ions with full energy levels. The 
height of the full energy levels of the hydronium ions is determined by 
the partial pressure of the hydrogen gas. The base metal must not be 
capable of reacting with hydrogen ions. When these conditions are ful- 
filled the equilibrium processes that take place at a hydrogen electrode can 
be described (»xactly as those of the pure metals. Any increase in the height 
of the full level in the colloidal layer due to the neutralization of positive 
ions or increase in the hydrogen gas pressure causes a flow of electrons to 
the metal. These electrons arriving at the metal raise the energy level of 
the metal until the electrons flow back to an empty level of the colloidal 
layer, thereby reestablishing the original condition, 

THE OXYGEN AND CHLORINE ELECTRODES 

The contact-potential theory of electromotive force has been difficult 
for many chemists to accept, because it has not given a clear picture of an 
equilibrium oxidizing gas electrode such as the oxygen or chlorine elec- 
trodes. The colloidal adsorption theory eliminates this difficulty when it 
shows that the energy levels of the empty ion (monatomic gas) and the full 
ion are the same as the energy level of the metal. The energy level of the 



1092 


JOSEPH F. CHITTUM AND HERSCHBL HUNT 


metal must be largely established by the oxidation potential of the oxidiz- 
ing gas, and the height of the level of the empty ion must be sensitive to 
changes in the partial pressure of the gas. The only difference between 
these electrodes and the ordinary metal electrodes is that the full energy 
level of the solution ion is represented by a negative ion, while the empty 
level is represented by a monatomic gas. In the case of oxygen and chlo- 
rine the potential at equilibrium is quite far in the positive direction. 

The practical difficulty encountered in producing an equilibrium elec- 
trode for an oxidizing gas is due to the difficulty in finding a metal whose 
colloidal layer will produce ions with an empty energy level from the gas 
molecules. It is naturally easier to produce an equilibrium chlorine 
electrode than an equilibrium oxygen electrode, because in the first case 
the empty level that must be supplied is monatomic chlorine, while in the 
latter case the empty level is the free hydroxyl radical, whose energy level 
is below the energy level of monatomic oxygen, owing to hydration. 

AN ELECTRODE CARRYING A CURRENT 

In treating an electrode that carries a current we use the principle proved 
by Gurney. The probability of the passage of the excess electrons in the 
current direction (as a result of the quantum mechanical tunneling prin- 
ciple) must account for the current density. The equation for the net 
current across the interface is given by the equation 

— (ITi-t/O-nFF) 

± i = Ki(M+)Te - K 2 (P}Tc (7) 

which is a combination of equations 3 and 4. Excess eJectrons can pass in 
one direction only when a full electron energy level is higher on one side of 
the electrode interface than an empty level on the other, as w(‘ have em- 
phasized before. The full energy levels arc higher on the metal side at a 
cathode, L„ and on the solution side at an anode. La. 

When the positive solution ions are the ions of a noble metal, a slight 
increase in the negative potential of the electrode causes electrons to leak 
through the condenser and neutralize the metal ions in the colloidal layer 
(see Lc, figure 2 (.4)). The metal atoms crystallize onto the perfect crystal. 
The increase in potential determines the current density according to equa- 
tion 7. If the positive solution ions are hydronium ions or the ions of 
some active metal, the potential of the electrode must be raised until the 
energy level of the metal is above that of the other metal ions in the col- 
loidal layer of the solution. While the potential is being raised the current 
across the interface is carried into the solution by the colloidal particles 
accepting more electrons and then leaving the interface, owing to the 
applied potential. After the energy level of the metal reaches that of the 
solution ions, the electrons fall into these empty levels and the metal plates 
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out of solution. If the solution ions are of two different species, th(' one 
whose empty energy level is exceeded first by the metal level is neutralized. 
When the tw^o different species have the same energy level the two plate 
out together. 

The active metals show the same type of behavior, except for th(* fact 
that the change^ in potential, produced by vioh^nt motion of the metal, is 
of the opposite sign. (\)nsequently equation 7 can not be used to i)redict 
the shape of the current density -overvoltage curve when there is active gas 
evolution. On account of the well-known lack of smoothness of metal 
surface's and on account of tlie fact that the surface smoothness is (ion- 
stantly changing, there is a theoretical reason for both the lack of definite 
meaning for and the lack of reproducibility of the current density-over- 
voltage curves for the deposition of electrolytic gases at high current 
strengths. 

In the case of high current densities, rotation redistributes the colloidal 
metal on the crystalline surface as well as the lines of force, so that the 
overvoltage will always be sent in the platinum direction. In the case of 
oxygen overvoltage these same factors will naturally send the potential 
in the sodium direction. 


SUMMARY 

An explanation of overvoltage and elc'ctrokiiu'tic potentials is offered. 
The origin of electromotive force is de.scribed as well as the mechanism for 
conduction processes at a metal-solution interface. The explanation is 
based upon a colloidal layer of metal on the crystalline metal surface. 
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The application of x-ray diffraction methods to the determination of the 
constitution of sols has usually been indirect. X-ray diffraction studies 
have been made on the dry powder or moist gel obtained from the sol by 
precipitation with electrolytes, ultrafiltration, or centrifuging. In previous 
papers (10, 12) it was shown that, in general, the moist gels obtained by 
ultrafiltration of sols give the same x-radiograms as the dry powder. 
Thus with alumina, stannic oxide, and indium hydroxide sols, the moist 
gels obtained by ultrafiltration give the pattern of 7-AI2O3 H2O, SnOi, 
and In203 -31120 or In(OH)3, respectively. Although it is often assumed 
that the sol particles have the same constitution in the sol state as in the 
moist precipitate, the direct examination of sols by x-ray diffraction 
methods should prove whether or not this is the case. 

Very little work has been published on the direct examination of sols 
by x-ray methods. Kraemer (5) in discussing the application of x-ray 
methcxls to colloids states, ‘^this technic [x-ray method] yields no results 
for the surface of particles, nor is it effective (as yet) in dealing with 
colloidal solutions.’’ Bjornst&hl (3) examined gold and silver sols by 
allowing them to flow through a tube of gold-beaters’ skin centered in the 
camera and obtained patterns which agreed with those for metallic gold 
and silver, respectively. The important invc'stigations of Bohm and 
Niclassen (1) on the gels of various hydrous and hydrated oxides and 
hydroxides, has been supposed by some peoi)le to include investigations of 
sols in the sol state. Professor Bohm in a private communication states, 
“Die Aufnahem fiir die Arbeit in der Z. f. anorganische Chemie, 132, 1 
(1924) wurden, wie Sie rich tig vermuten, an den rneist feuchtcn R^ick- 
standen von Solen nach dem Koagulieren oder Eindampfen (so beim 
Crum’schen Sol) gemacht.” Bohm and Ganter (2) examined liquid sols 
by flowing aged ferric oxide and vanadium pentoxide sols through a Mark 
tube and observed some indication of orientation of the needle-like par- 
ticles. Our first work (10, 12) on the direct examination of a sol w^as 

^ Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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carried out on a thixotropic stannic oxide sd, which gave the pattern of 
staiutic oxide. More recently Heller, Kratky, and Nowotny (4) examined 
various ferric oxide sols in thin glass capillary tubes. These investigators 
obtained the patterns of FeOCl, jS-FeOOH (11), and y-FeOOH, only; no 
indication of the formation of complexes was observed. 

In this paper will be given the results of an x-ray study of a number of 
representative sols with the object of obtaining direct evidence concerning 
the constitution of the colloidal particles. 


EXPEniHENTAL 


The chief difficulties in the direbt examination of sols are (a) the rela- 
tively low concentration of the dispersed phase, (b) the scattering of x-rays 
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Fio. 1. X-ray diffraction camera for the direct examination of sols 


by the water in the samples, and (c) the possibility of coagulation of the 
sol by the x-rays. The first and second difficulties may be obviated by 
using fairly concentrated sols; and the third by flowit:^ the sols through the 
camera. Some objections may be raised to flowing the sol through a tube 
of any kind. For this reason, in most cases the sol was allowed to flow 
in an uninclosed column, in the same way that Debye originally examined 
liquids. 

THE CAMERA 

A Debye-Scherrer type of camera was employed, a diagram of which is 
shown in figure 1. The sol (or liquid) was allowed to flow into the capillary 
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tube. By maintaining a suitable head the rate of flow was adjusted so 
that a smooth, uninelosed (‘olunin was obtained. In some cases a thin 
Mark tube was inserted in the capillary tube, giving a column of sol in- 
closed in glass. The s(*attering from the Mark tube is so small that it 
causes little or no difficulty. A jiossible obje(‘tion to the use of the Mark 
tube is that solid particles might deposit on the walls and give the x-radio- 
gram. However, there was no indi(*ation of this. A blank x-radiogram, 
obtained for a used but unwashed Mark tube as a sample, gav(‘ the same 
result as a new Mark tube. Furthermore, the same patterns were ob- 
tained using the inclosf*d and the uninclosed column of sol. 

PREPARATION OF SOLS 

Ferric oxide sol. A hydrous ferric oxide sol was prepared by the addition 
of a slight (‘xcess of ammonium hydroxide to a solution of ferric chloride. 
Th(‘ resulting gc\ was washed rapidly l)y decantation until almost 
fr(*e from chloride, and a few drops of hydro(‘hloric acid w(Te added. 
Peptization and aging were brought about by warming for several hours at 
60 65 C.j while stirring vigorou.sly with a mechanical stirrer. It has 
been shown (9) that the freshly precipitated hydrous ferric oxide gives no 
x-ray diffraction lines or })ands, but that the material aged as described 
above gives tlu' a-F(' 2()3 pattern. This sol contained about 90 g. of ferric 
oxide per liter of sol. 

Alumina sols. The two alumina sols examined were made by methods 
already descrii)ed in detail (10). Sol I was prepared according to the 
method of Thomas (7) by j)ei)tization with hydrochloric acid. Sol II 
was j)rej)ared by the pc'ptization of preci])itated alumina with hydrochloric 
acid. The gels from th(‘se sols gave the 7-Al2().vH20 pattern (10, 12). 
Alumina sol I, which contained 11.0 g. of alumina per liter originally, 
was conc(*nt rated by evaj)oration to 55.0 g. of alumina per liter. Alumina 
.sol II was concent rat ('d by evainmition to 41.2 g. of alumina per liter. 

Stannic oxide sol. The method of preparation of this Zsigmondy stannic 
o.xide sol has already been described (10, 12). The conc(‘nt ration of the 
sol was 38.4 g. of stannic oxide per liter. 

Indium hydroxide sol. A hydrous indium hydroxide gel was prepared 
by the interaction of a slight ex(*ess of indium chloride solution and a solu- 
tion of aminonium hydroxide. The gel was wa.shed by centrifuging until 
peptization began, aft(*r which a few drops of hydrochloric acid were 
added. The sol (contains 22.1 g. of iinlium oxide (luoOs) per liter. 

Beta ferric oxide monohydratc sol. The g('l formed by the interaction of 
.solutions of ferric chloride and ammonium carbonate was rei)eptized with 
an excess of ferric chloride. Th(‘ sol was purified by dialysis in the cold 
for three months, and was concentrated by boiling on a hot plate. It would 
be expected (9) that jS-FeOOH would form under these conditions. 
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since this material results from the slow hydrolysis of ferric chloride solu- 
tion. But since the sol is dark red, and /8-FeOOH is yellow, the dispersed 
particles must not be all iS-FeOOH. The sol contains 89.6 g. of ferric 
oxide per liter. 

Titayiium dioxide soL This sol was prepared by the slow hydrolysis of 
titanium tetrachloride solution. A slightly acid solution of the salt was 
hydrolyzed by heating to boiling; the resulting gel of hydrous titanium 
dioxide was centrifuged to remove excess acid, and repeptized by sus- 
pending in water to which a few drops of hydrochloric acid were added. 
The sol contained 30.8 g. of titanium dioxide per liter. From the 
method of preparation, one would expect (8) the particles to consist of the 
rutile modification of the dioxide. ^ 



Fia. 2. X-ray diffraction pattern for a hydrous ferric oxide sol (a-FeaOd) 
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Fig. 3. X-ray diffraction patterns 

Silver sol. The silver sol used was a commercial protec‘ted silver sol 
(^ArgyroFO containing approximately 40 per cent silver. 

Silver iodide soL A silver iodide sol was prepared by mixing solutions 
of silver nitrate and hydriodic acid of such concentration that the resulting 
sol contained 80 millimoles silver iodide and 8 millimoles hydriodic acid per 
liter. The sol concentration was therefore 18.7 g. of silver iodid(‘ pcT liter. 

X-RAY EXAMINATION 

A hydrous ferric oxide sol was prepared and examined first in February 
1934. The sol was not examined in the camera described in this paper, but 

* Investigations which will be reported later are in progress on the preparation of 
gels of the rutile modification of titanium dioxide. 









Fig, 4. X-ray diffraction patterns 
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was flowed through a *^nonex*^ glass tube in the General Electric diffraction 
apparatus, using Mo K« radiation. The pattern obtained after ninety- 
six hours exposure is reproduced in figure 2 . The results compared with 



Fig. 5. X-ray diffraction patterns. A, H 2 O; B, t-AIjOs-HjO; K, SnOj; G, 
In(OH)8; K, /?-.FeOOH; K, TiOaCrutile); M, Ag; O, Agl. 

a-Fe203 powder are shown diagrammatically in figure 3 . The pattern 
obtained with the sol is identical with that from crystals of a-Fe208. 

The other sols described above were examined in the special camera 
shown in figure 1, using a Philips cross-focus tube with Cu Ka radiation 
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(nickel foil filter). The exposure time was 30 minutes in all cases reported. 
While working with the ferric oxide sols a filter of aluminum foil was 
placed between the sample and the film to prevent fogging of the film by 
fluorescent x-radiation from the iron. For purposes of comparison, the 
pattern of distilled water was also obtained. To identify the patterns 
from the sols, x-radiograms were made from the corresponding powders, 
using the same camera. This was done by placing the solid in a Mark tube 
attached to the capillary tube in the camera. The results obtained from 
pure water, the various sols, and the various solid materials are given in 
chart form in figure 4. Reproductions of some of the negatives are given 
in figures 5. Alumina sol I containing 11.0 g. of alumina per liter (not 
included in figures 4 and 5) gave the pattern of 7-A1203-H20. 

DISCUSSION OF RESULTS 

From inspection of figures 4 and 5 it is apparent that in every case the 
sol pattern is a composite of the patterns from pure water and the material 
making up the sol particles. Thus in the case of the weak indium hy- 
droxide sol the water bands are relatively intense, whereas in the case of the 
strong silver sol the water bands are hardly visible. 

Only a slight indication of fibering in the pattern of the Q:-Fe203 sol 
w^as observed. This sol was probably not aged as long as the one examined 
by Bohm and Gantcr (6), who reported definite indications of orientation. 

As })ointed out under the method of preparation, the ^S-FeOOH sol’ is 
red in color, whereas pure /^-FeOOH is definitely yellow. The results 
indicate that the sol consists of tw^o portions: (a) yellow^ iS-FeOOH par- 
ticles w^hich give the lines in the x-radiogram, and (b) dark red particles 
of a-Fe203 wliich are too fine to give a definite x-ray pattern (9). This 
conclusion is supported by an earlier observation (9) of the slow settling 
out of some i3-FeOOH particles during the aging of dark red sols. 

The results confirm the previous conclusions of the authors (10, 12) 
based on the examination of moivst gels, namely, that typical hydrosols of 
oxides, elements, or inorganic salts consist essentially of aggregates of 
minute crystals of the respective hydrous oxides or simple hydrates, 
simple elements, or simple salts. There is no indication of the presence 
in the sols of complexes such as postulated by Pauli (6), Thomas (7), 
and others. 


SUMMARY 

The following is a brief summary of the results and conclusions reported 
in this paper: 

1. For the first time, a number of representative hydrosols have been 
examined directly by x-ray diffraction methods, taking precautions so that 
the resulting x-radiograms are for the actual sol particles. 
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2. A Debye'-Scherrer type of camera has been designed especially for the 
direct examination of a completely uninclosed, flowing column of sol. 

3^ Alumina sols prepared (a) by the action of amalgamated alumina on 
wa^r, and (b) by the peptization of precipitated alumina gave the pattern 
of 'y-AlgOs • H 2 O. 

4. Ferric oxide sols were found to consist of particles of a-Fe^Os or 
jS-FeOOH, depending on the method of preparation. 

5. A stannic oxide sol (Zsigmondy), a protected silver sol (^‘ArgyrorO> 
an indium hydroxide sol, a negative silver iodide sol, and a titanium dioxide 
sol gave respectively the patterns of SnOi (cassiterite), metallic silver, 
In(OH)8, Agl, and TiOj (rutile). 

6. It is concluded, in agreement with previous x-ray studies on moist 
gels, that the common inorganic hydrosols consist in general of particles 
of simple oxides or simple hydrates, elements, or salts, and not of com- 
plexes as postulated by some investigators. 
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The bituminous coals occupy an intermediate position in what has been 
called (15) the ^‘coal band'^ (figure 1). Such organic substances as lignin 
and humic acids lie at one end of this band, and anthracite coal and graph- 
ite at the other. Whether lignin or cellulose is looked upon as the essential 
progenitor of bituminous coals, it appears that in the coalification process 
the simple linear polymeric structure, which is generally accepted for 
cellulose and which has been proposed (11) for lignin, is modified in the 
sense of the formation of a tridimensional polymer by linkages between 
the linear units. Whatever the mechanism, there is no doubt that the 
process is characterized by increasing enrichment in ring structures (6). 
The higher the rank of the coal, the more complete is the condensation to 
such structures, until graphite, the limiting member of the series, is reached. 
The establishment of a building unit in such a polymer obviously prcwsents 
great difficulties, and we can perhaps never obtain as satisfactory a picture 
for the structure of such a substance as we have for cellulose and the poly- 
meric esters, lactones, and anhydrides. 

The essentially “chemical’^ character of polymerization has been em- 
phasized in recent years (7), and in those cases where the energetics of the 
process have been investigated, the reactions have been shown to be 
exothermic ; hence, one would expect elevated temperatures to displace the 
equilibrium toward depolymerization. Many such cases have long been 
known among the addition polymers such as styrene and rubber, and more 
recently the ready thermal reversibility of such purely condensation types 
as the polymeric lactones and anhydrides has also been pointed out (8). 

A typical bituminous coal from the Pittsburgh seam contains carbon, 
hydrogen, and oxygen in approximately the same ratio as coumarone, 
CgHeO, which has a normal boiling point of 170°C.; the coal contains 
somewhat less oxygen and more hydrogen and such polar groups as hy- 
droxyl and carboxyl are present, if at all, in very small amounts. Thus 
on the basis of composition alone, one would expect bituminous coal to 
distill completely at moderate temperatures. Its low’ volatility is ob- 

^ Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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viously due to high molecular weight, but thermal decomposition woidd be 
expected to give some clue to the nature of the building units as it has in 
the case of other high molecular weight substances. That the ordinary 
distillation processes do not, appears to be due to the fact that in coal the 
primary unit itself has a very low vapor pressure. Hence in pyrolysis the 
rate of decomposition of this primary unit into secondary products, some 
of greater molecular weight (coke) and some of less (gaseous and liquid 
hydrocarbons and low-boiling phenolic bodies), is faster than its rate of 



Line or Zero Carbon 

Fig. 1. The ^*coal band” and some typical carbon, hydrogen, and oxygen compounds 

evaporation. Certain methods of degradation, some purely thermal in 
character and others combining thermal and chemical efifects, which yield 
significant information as to the nature of the building units in bituminous 
coal, have, however, been developed. These are (1) pyrolysis in the 
molecular still, (2) thermal decomposition in solvents at elevated tempera- 
tures, (3) hydrogenation, and (4) mild oxidation. 

PYROLYSIS YN THE MOLECULAR STILL 

When a bituminous coal is heated to 600-“550°C. at pressures of 1 micron 
or less in a molecular still, where the distance between evaporating and 
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condensing surfaces is very much less than the mean free path of the 
evaporating molecules, and where the possibility of collision with surfaces 
hotter than the evaporating surface is eliminated, secondary thermal 
decomposition is largely avoided (13). The condensate obtained under 
these conditions contains, along with the usual liquid hydrocarbons and 
phenolic substances, appreciable amounts of brown, amorphous solids, 
neutral in character and readily soluble in such polar aromatic solvents as 
phenol, but almost completely insoluble in petroleum ether or ethyl ether. 
These substances have been designated “bitumens’^ by coal investigators. 
They can not be redistilled, even in the molecular still, v^ithout 
some decomposition, yielding gaseous and liquid hydrocarbons, i)henolic 
bodies, bitumens, and a coke residue. The point of view that these neutral, 
ether-insoluble substances, the bitumens, constitute an important primary 

TABLE 1 


Composition of condensates from atmospheric and vacuam. distillations 
Temperature, r>2t5°C. 



ATMOSPHERIC 

VACUUM 


20-40 Mesh 
coal 

20-40 Mesh 
coal 

M-CoaP 

1 

Neutral 

per cent 

per cent 

per cent 

Ether-insoluble (bitumens) 

2 78 

7 11 

n 10 

Ether-soluble 

7 51 

8 61 

8 20 

Phenolic and acidic , ... 

2 45 

2 56 

1 37 

Basic ... 

0 40 

0 20 

0 16 

Water and loss 

3 98 

2 32 

1 50 

Total 

17.12 

20-80 

28 33 


* Prepared by grinding in a Szegvari pebble mill ; particle size less than 2/i. 


thermal degradation product of bituminous coal, is supported by the 
experimental facts that in the thermal decomposition of a given coal a 
reduc.tion in pressure, an increase in heating rate, and a decrease in particle 
size of the coal all tend to increase the yield of bitumens. The effects of 
redu(‘tion in pressure and the use of coal ground to particles less than 
2 pj designated )u-coal, are illustrated by the data of table 1. The increase 
in the amount of bitumen recovered in the condensate when the p-cosd was 
employed is very striking and shows that in a 20- to 40-mesh coal particle 
considerable secondary decomposition takes place before the evaporating 
substances can escape. Since phenolic bodies have been shown (14) 
to be secondary decomposition products of the bitumens, the decreased 
yield of the former with increased recovery of the latter is to be antici- 
pated. 
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THERMAL DECOMPOSITION IN SOLVENTS 

That resinous or bituminous substances could be extracted by solvents 
from bituminous coals at a temperature much below that at which they 
could be recovered by distillation has been known for many years. The 
early experimenters, working at low temperatures and recovering a few 
per cent of material, regarded the process as a simple solvent extraction, 
and considered the materials extracted to have been present as bodies 
which were of significantly different chemical constitution from, and hence 
much more soluble than, the bulk of the coal substance. With the de- 
velopment of pressure extractors and the use of new solvents (17) and of 
temperatures ranging from 250® to 350®C., the yield of ‘'extract'^ rose as 
high as 80 per cent, thus showing that products at present not distinguish- 
able from the resins and bitumens* of the early investigators could be 
formed by thermal decomposition of the bulk of the coal substance. The 
point of view that solvent extraction at elevated temperatures should be 
looked upon as a mild thermal decomposition has been emphasized by 
Lowry (15) ; Peters and Cremer (16) point out that the small variation in 
chemical composition between extract and residue can not account for their 
marked physical differences, and hence one must assume that polymeriza- 
tion is involved. A recent study (3) of extract and residue from a bitu- 
minous coal from the Pittsburgh seam has shown that insofar as present 
knowledge permits these substances to be characterized, there is little 
difference between extract and residue other than in molecular weight, and 
that the extract can properly be considered a primary building unit in the 
coal polymer, depolymerization having been effected by the elevated 
temperature and the action of the solvent. 

To what extent the degradation of coal by solvents at elevated tempera- 
tures involves the formation of colloidal dispersions rather than molecular 
solutions is not certain. Dark-field examination of these solutions at room 
temperature reveals colloid particles. The extracts, however, contain 
very little inorganic residue and it seems probable, if the phenomenon were 
chiefly peptization, that the peptized material would be of ash content 
similar to the coal. It appears more likely that the substances extracted 
are molecularly dispersed at the temperatures of the extraction process and 
associate or polymerize to the colloid units on cooling. Also, as will be 
seen later, all these products formed by solvent action at elevated tem- 
peratures give freezing-point depressions in phenolic solvents which cor- 
respond to molecular units of moderate size. 

The yields of soluble products recovered by thermal decomposition of a 
bituminous coal from the Pittsburgh seam in benzene (1), phenol, and 
tetralin (2) at temperatures of 250-350°C. are shown in table 2. The 
much greater effectiveness of this type of degradation as compared with 
vacuum distillation is strikingly illustrated, as is also the specific action of 
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such a polar solvent as phenol, with which, at corresponding tempera- 
tures, a fivefold yield of soluble products over that with the non-polar 
benzene is obtained. Unfortunately attack by this method at still higher 
temperatures is limited by the thermal instability of the solvents them- 
selves. 


MILD HYDROGENATION 

The effectiveness of mild hydrogenation in the primary breakdown of 
bituminous coal was demonstrated by F. Fischer, Peters, and Cremer (9), 
who found that by prolonged reaction at temperatures as low as 260°C., 
a German bituminous coal, ground to a particle size of less than 2 fJiy 
yielded 85 per cent of material soluble in hot benzene. It is significant 
that these investigators designated the products recovered by this mild 
hydrogenation as ^^pseudo-bitumens.’’ 


TABLE 2 

Decomposition in solvents at elevated temperatures 






rOMPOSITlON OF EXTRACTS 



TBM- 


Neutral 1 




SOLVENT 

PBRA- 

TIME 

... 


Phenolic 




TURE 

1 

El her- 

Ether- 

soluble 

1 and 

Basic 

Total 




l«W)lu- 

ble 

acidic 




V 

hours 

per cent 

per cent 

per cent 

per cent 

per cent 

Benzene 

260 

44 

10 26 

4 93 

0 16 

0 10 

15 45 


1 

250 

136 I 

20 0 

12 90 

0 71 

0 17 

33 8 

Tetralin ^ 


300 

126 

12 3 

4 34 

0 32 

0 15 

17 0 

1 

350 

108 

20 2 

9 65 

0 74 

0 18 

30 8 

1 

i: 

1 


52 5 

26 89 

1 77 

0 50 

81 6 

Phenol 

250 

44 

57 6 

7 0 

0 80 

0 13 

66 7 


Work with a coal from the Pittsburgh seam has led to similar results, 
but a higher temperature, 350-400°C., has been found necessary. Under 
these conditions approximately 80 per cent of the American coal can be 
recovered in the form of high-boiling oils and bitumens. 

MILD OXIDATION 

When a bituminous coal is refluxed with dilute nitric* acid, e.g., 1 A, 
it is rapidly converted to organic acids, some of which are of low enough 
molecular weight to be soluble in water or dilute acid, and others, the so- 
called regenerated humic acids, which are soluble in or peptized by alkali, 
but precipitate on acidification. The humic acids formed in this way 
usually represent not less than 60 per cent of the carbon of the original coal, 
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although this is a function of the period of oxidation, since these acids are 
the primary oxidation product and the water-soluble acids of lower molec- 
ular weight are secondary products (21). The rate of formation of both 
types of acids is a function of the rank of the bituminous coal, lower rank 
coals reacting with greater velocity. 

The humic acids obtained by oxidation of bituminous coal dry to brown- 
ish-black or jet-black scales. They do not melt and on pyrolysis yield 
only low molecular weight volatile products, carbon dioxide, and water, 
and a carbonaceous residue. They form brown solutions with dilute al- 
kalies, in which dark-field examination discloses many colloid particles. 
Their aqueous alkaline solutions diffuse only partially through parchment. 

The alkali humates formed from coal show certain analogies to soaps: 
both form colloidal aggregates in aqueous solution; both are molecularly 
dispersed in solvents of the type ROH, where R is aliphatic in the case of 

TABLE 3 


Ultimate coviposiiion of bitumens and original coal 


SOUltCB 

CABBON 

HYDRO- 

GEN 

OXYGEN 

NITRO- 

GEN 

SULFUR 

ABH 


per cent 

per cent 

per cent 

per cent 

per cent 1 

per cent 

Molecular still, 525°C 

Pressure extraction: 

81 15 

5 69 

11 56 

1 16 

0 44 

0 0 

Benzene, 250®C. . . 

84 70 

6 32 

5 71 

1 59 

0 68 

1 08 

Tetralin, 300 °C 

82 21 

5 06 

10 00 

1 16 

0.43 

1 14 

Phenol, 250°C... . 

81 15 

4 88 

9 32 

1 52 

0.89 

2 24 

Hydrogenation* 

85 25 

7 27 

4.88 

1 88 

0 42 

0 30 

Original coal 

78 27 

5.19 

5 53 

1 63 

0 98 

8 39 

Ash-free 

85 50 

5 66 

6 03 

1 

1 78 

1 03 



* Hydrogenation of the residue from a benzene extraction at 250°C. 


soaps and aromatic in the case of the humates; both are dispersing agents 
in aqueous solution ; and both furnish aqueous solutions of high viscosity, 
although this is much less marked in the case of the humates because 
of plate-shaped rather than thread-like particles. 

COMPOSITION OF THE BITUMENS AND THE HUMIC ACIDS 

Ultimate compositions of bitumens obtained by different methods of 
degradation are shown in table 3. All contain, along with carbon and 
hydrogen, significant amounts of oxygen and small quantities of nitrogen 
and sulfur. Group tests indicate the absence of carboxyl, ester, carbonyl, 
or alkoxyl groups. Determinations of hydroxyl oxygen have given 
variable results depending upon the sample of bitumen employed and the 
method of methylation. Usually not more than half of the oxygen can, 
however, be accounted for as hydroxyl groups, and the balance must be 
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assumed to be in ether linkages or heterocycles. Hydrogenation at 
425°C, of bitumens obtained by benzene pressure extraction, followed 
by dehydrogenation to aromatics and isolation of the crystalline picrates 
of the aromatics has resulted in evidence for the presence of condensed 
cyclic structures as largo as four or five rings (4). Drastic oxidation of coal 
bitumens is reported (5) to result in high yields of benzene polycarboxylic 
acids. There thus appears little doubt that the nucleus of these bitumens 
consists of condensed C'e ring structures with occasional heterocyclic 
rings containing oxygen, nitrogen, or sulfur. 

The ultimate compositions and equivalent weights of humic acids pre- 
pared by mild oxidation of : (1) the whole coal, (2) bitumens extracted by 
heating with benzene at 250°C., and (3) the insoluble residue from the 
benzene extraction are shown in table 4. ('Jarboxyl and hydroxyl groups 
can be determined by methylation; the latter are present in smaller 
amounts than reported for ^‘humic acids’’ from other sources. There is 

TABLE 4 


Ultimale composition and equivalent ivaghts of hunuc acids 


SOURCE 

CARBON 

HYDRO- 

GEN 

OXYGEN 

NITRO- 

GEN 

Bn FUR 

ABH 

EQUIVA- 

LENT 

WEIGHT 


per cent 

per cent 

per cent 

per cent 

jter cent 

per cent 


Original coal 

61 46 

3 21 

30 4 

3 36 

0 65 

1 1 

240 

Bitumen* 

57 17 

3 71 

34 7 

3 09 

0 34 

0 9 

192 

Residue t . . 

m 17 

3 89 

31 4 

3 04 

0 55 

1 0 

I 244 


* By oxidation of soluble material from benzene pressure treatimuit at 250^0 
t By oxidation of insoluble residue from benzene pressure treatment at 


also evidence for the presence of isonitroso groups, but not more than one- 
half to two-thirds of the total oxygen can be accounted for in all functional 
groups together, indicating the presence of ether or heterocyclic, oxygen. 
Little information is available as to the nature of the nucleus of these 
humic acids. Hydrogenation of the alkali humates by heating with 
sodium formate (10) at 360°C. results in simultaneous decarboxylation and 
conversion of the nucleus to high-boiling oils and bitumens. The latter 
are not distinguishable from bitumens obtained by degradation of the 
original coal. 


MOLECULAR WEIGHT MEASUREMENTS 

These preparations of primary degradation products of coal are, of 
course, not homogeneous. Determinations of average valuers of molecular 
weight have, however, led to interesting results. As has been pointed out, 
the bitumens are readily soluble in polar aromatic solvents such as phenol 
and catechol, and much less soluble in aromatic non-polar types such as 
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benzene and diphenyl. Only two solvents suitable for cryoscopic meas- 
urements on the regenerated humic acids have been found, namely, 
catechol (20) and p-nitrophenol. 

The results of cryoscopic molecular-weight determinations on bitumens 
and regenerated humic acids, prepared in a number of ways from a coal 
from the Pittsburgh seam, are shown in table 5. 

The significant feature of these data is the low and relatively constant 
values obtained in the solvents, catechol and p-nitrophenol. Considering 
the different methods of degradation employed, the relative constancy of 
these values argues strongly for the presence in this bituminous coal of 


TABLE 5 

Molecular weights of bitumens and humic acids 


BOLtTTB 

SOLVENT 

Catechol 

p-Nitro- 

phenol 

p-Bromo- 

phenol 

Tri- 

bromo- 

phenol 

Pyrene 

Di- 

phenyl 

Bitumen from: 







Molecular still 

250 

220 

320 

360 

(a) 

(a) 

Benzene extract . .... 

285 


550 

650 


>1000 

Tetralin extract . 

335 


540 




Phenol extract . . .... 

360 


440 




Hydrogenation of residue . . . . 

320 

320 

550 


960 

>1000 

Hydrogenation of humic acids . 

260 



510 


>1000 

Humic acid from: 







Original coal . . 

235 

230 





Bitumen . . 

215 






Residue<«> .... 

240 

280 






(a) Incompletely soluble, (b) Insoluble residue from benzene pressure extrac- 
tion, hydrogenated at 350-400®. (c) Humic acids from original coal, hydrogenated 

at 350-400°. (d) Bitumen from benzene pressure extract, (e) Residue from benzene 

pressure extract. 

some fundamental unit of the order of magnitude indicated. Wherever 
solubility permitted, measurements were made in several solvents. In 
such cases a rough correlation was observed between dipole moment 
of the solvent and apparent molecular weight, solvents of higher moment 
giving lower molecular weights. The differences noted between different 
solvents are much greater than has been found for known cases of molec- 
ular association. Two explanations appear possible to the writer: (1) 
association to colloid particles in the non-polar solvents or (2) actual 
degradation of a polymer by the polar solvents. 

Such physical properties as vajpor pressure and solubility indicate that 
both bitumens and regenerated humic acids are bodies of high molecular 
weight. It is known, however, that polar groups in certain positions 
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reduce volatility to a surprising degree. p-Hydroxybcnzoic acid, for 
example, of molecular weight 138, is stated (19) to have a vapor pressure 
of 0.3 micron at 100®C., a value a thousandfold less than that for the o-hy- 
droxy acid, salicylic acid. Further, while an average molecular weight of 
300 appears low, an aromatic hydrocarbon of seven closely condensed rings 
has a molecular weight of only 302, and it should be noted that the molecu- 
lar weight of the largest condensed aromatic; structures whi(;h have been 
actually isolated from coal or pitch is smaller than this. It is also of 
interest that Fuchs (12), in picturing a hypothetical humic acid molecule, 
suggests a structure containing five condensed rings as the building unit, 
while Schrauth\s (18) building element contains four six-mernbered and 
three five-membered condensed rings. 

The presentation of the picture of bituminous coal as a polymer, built 
up of units of moderate molecular weight, naturally arouses the question 
as to how these units are in turn held together to form the high molecular 
weight body we know as coal. Unfortunately, very little can be said on 
this point at the present time. Considering the probable method of gen- 
esis of coal, many of the known types of polymeric structure could con- 
ceivably be present. Its relatively great resistance to hydrolytic agents 
appears, however, to render improbable some of these, such as ester, 
anhydride, acetal, or lactone. An ether-linked structure, such as has been 
suggested for lignin, a Bakelite type, or an addition polymer formed from 
unsaturated units seems more likely. 

The determination of the exact character of the building units in bitu- 
minous coal and the nature of the forces which hold these units together 
present problems which as yet have been scar(*ely touched and offer a 
fertile field for chemical and physical investigation. 

SUMMARY 

Evidence is presented for the point of view that bituminous coal is a 
polymer. Cryoscopic measurements in catechol on the degradation 
products of a typical coal from the Pittsburgh seam indicate that the unit is 
of moderate molecular weight, 250 to 350. Significant yields of this 
fundamental building unit are obtained by thermal decomposition in the 
molecular still, by the action of solvents such as benzene, tetralin, or 
phenol at elevated temperatures, by hydrogenation, and by mild oxidation. 
The chief difference between the primary degradation products obtained 
by mild oxidation, the regenerated humic acids, and those recovered by 
thermal decomposition or hydrogenation, the bitumens, appears to lie in 
the presence in the humic acids of carboxyl groups, which confer alkali 
solubility and hydrophilic properties. The probable chemical nature 
of these primary degradation products and the possible methods by which 
the units combine are discussed. 
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Recent chemical researches (2, 12) indicate that lignin, as isolated from 
previously extracted wood by several different methods, is a reproducible 
material with rather definite properties. It has ten polar groups, methoxyl 
and hydroxyl, for each empirical molecular weiglit unit of approximately 
900, the proportion of each varying somewhat with the source of the 
lignin and the means of its isolation (12). The presimee of unsaturated 
groups has also been demonstrated. An uncertainty still exists as to 
whether the basic part of the molecule is made up of aromatic or furan 
units. 

The work reported here was undertaken with the hope that physical 
data on lignin solutions would aid in the furtiier characterization of lignin. 
Previous measurements of the molecular wedght of lignin are meager and 
have been made chiefly on lignin derivatives which, because of the nature 
of the preparations and the drastic solvents used, must have been de- 
graded. These values range from 200 to 2000 (1, 6, 7, 9, 11, 17, 26, 27, 28, 
29, 36). The most reliable value seems to be that of Samec (30) who, 
using a static osmotic pressure method, reported a value of 4000 for the 
molecular weight of Willstatter lignin dissolved in ammonium hydroxide. 
Spreading measurements have also been made to determine the thickness 
of lignin films on a water surface. Wedekind and Katz (37) obtained 10 
A. U. for phenol lignin and Freudenberg (5) reports 20 A. U. for the 
sodium salt of the diazobenzenesulfonic acid derivative of cuprammonium 
lignin. 

' Presented before the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 1M3, 1936. 

Abstracted from a thesis submitted by D. L. Loughborough to the Faculty of the 
University of Wisconsin in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, June, 1936. 

2 Maintained at Madison, Wisconsin, in cooperation with the University of Wis- 
consin. 


1113 



1114 


D. li. LOUGHBOROUGH AND ALFRED J. STAMM 


PREPARATION OP MATERIAL 

The lignin used in this investigation* was prepared from maple and 
spruce wood. The sawdust was extracted with aleohol-benzene mixture 
for two or three days to remove resins and fatty substances. This was 
followed in consecutive order by a thorough extraction in hot water, cold 
water, and ether. The lignin was isolated from the extracted sawdust in 
three different ways: (a) by the modified sulfuric acid method of the Forest 
Products Laboratory (31); (b) by extracting the lignin directly with 
methyl alcohol acidified with hydrochloric acid (6) ; and (c) by extracting 
in a sodium hydroxide-ethyl alcohol mixture (25). The soluble portions 
of the isolated lignin preparations were purified by alternate solution in 
alcohol and precipitation in water three or four times. In some cases the 
product was also precipitated in ether. The measurements reported here 
were made on the product after different numbers of precipitations, and in 
some cases the final product was electrodialyzed for forty-eight hours at 
230 volts. The material was dried in a vacuum oven at 50®C. for more 
than forty-eight hours and stored over phosphorus pentoxide until needed. 
The solvents were of reagent quality, dried by standard drying methods. 

The completely nitrated and methylated lignins were prepared from 
methyl alcohol-hydrochloric acid lignin. The nitrated lignin was pre- 
pared according to the method of Gilman (10) for nitrating furfural; the 
methylated lignin was prepared by the ordinary methylation process with 
dimethyl sulfate. 


SOLUBILITY OF LIGNIN 

The solubility of lignin in organic solvents depends to a large extent on 
the method used for isolating the lignin. When isolated by the sulfuric 
acid method, only about 12 per cent of maple lignin and less than 2 per 
cent of spruce lignin is soluble in methyl alcohol. Since the sulfuric acid 
method removes the lignin quantitatively, these fractions represent the 
fraction of the total lignin that may be brought into solution by this 
method. Both the alkali and methyl alcohol-hydrochloric acid methods 
yield from one-third to one-half of the total lignin content of the wood. 
Virtually all the yield is soluble in methyl alcohol after precipitation and 
washing free of alkali and acid. No chemical difference, however, has 
been found between the soluble and insoluble fractions of the isolated 
lignins. Thus the solubility differences are probably due to polymeri- 
zation. 

Since all the physical measurements considered in this study were made 

* Acknowledgment is made to E. K Harris of the Forest Products Laboratory for 
the preparation of a number of the lignin samples and lignin derivatives used in this 
investigation. To him also are due thanks for many suggestions and advice on the 
chemical aspects of this problem. 
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on solutions of lignin, no definite conclusion can be drawn regarding the 
total isolated lignin, or the lignin as it occurs in the tree. 

Lignin is somewhat soluble in many solvents, among which are the 
aliphatic alcohols and acids, methyl and ethyl acetate, acetone, and chloro- 
form. Lignin that is air-dried after precipitation in water is insoluble in 
water, ether, benzene, or carbon tetrachloride. Although the solubility 
is not very great in most of these solvents, the amount that can be put 
into solution can be greatly increased by evaporation of the solutions. 
It is almost impossible to dissolve all the dry material added to the 
solvent, since some of the lignin almost invariably forms a tarry insolu- 
ble mass. 

The solubility in chloroform is greatly increased by removing every trace 
of water. In the alcohols, on the other hand, the solubility is increased 
considerably by the addition of small amounts of water. For example, 
the direct solubility of alkali lignin in methyl alcohol was found to increase 
to a water content of approximately 18 per cent by volume and then to 
decrease with a further increase in water content. 

All the solutions of dry lignin were clear. They showed no Tyndall 
cone unless treated in a way that causes precipitation, as when appreciable 
amounts of water are added. Solutions have been kept as long as two 
years without showing any cloudiness. Lignin dissolved in the foregoing 
solvents can thus be considered as forming true solutions. 


VISCOSITY 

A Bingham viscometer, flow time 1,164 sec. for water under 6 cm. of 
mercury, was rigidly mounted in a thermostated water bath held at 25° dt 
0.02°C. The applied pressure was controlled from an auxiliary tank of 70 
liters capacity. This tank could be filled to the desired pressure, closed 
from the air line, and held at this pressure for long periods of time. The 
pressure was read with a cathetometer to a tenth of a millimeter of mercury. 
Several measurements of the efflux time for flow in both directions were 
made at each pressure. 

Poiseuille’s law, in which the reciprocal of the efflux time is proportional 
to the pressure, was obeyed over the complete pressure range used. Over 
the concentration range used (0.2 to 8.0 per cent) there was no great 
deviation from the modified Einstein law 


100 

CV 


2,5 6 


( 1 ) 


where is the specific viscosity (increase in relative viscosity of the solu- 
tion over that of the solvent), C is the concentration in grams per 100 cc. 
of solution, V is the specific volume of the solute, and ^ is a constant, which 
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is unity for the ordinary Einstein equation. The expression has 

been designated by Kraemer (15) as the specific hydrodynamic volume. 
V was determined pycnometrically at 26®C. for sulfuric acid lignin and 
methyl alcohol-hydrochloric acid lignin dissolved in methyl alcohol and 
acetic acid. The values were in fairly good agreement, and average 0.75. 
The change in the specific viscosity per unit concentration with concen- 
tration for methyl alcohol-hydrochloric acid lignin in different solvents is 
given in figure 1. The curves are practically horizontal over an appre- 
ciable concentration range, with the expected upward curvature at higher 
concentrations in the case where higher concentrations were obtainable. 
It is uncertain if the curvatures in either direction at extremely low con- 
centrations have any significance, though the deviations seem to be greater 
than the experimental error. The linear portions of the curves have been 



for methyl alcohol-hydrochloric acid lignin. A, chloroform ; A, acetone; methyl 
alcohol; O, ethyl alcohol. 


extrapolated to zero concentration in order to calculate the limiting values 
of 6, without regard to the curvature at low concentrations, as has been 
done by other investigators (16, 34). These values, as shown in table 1, 
are practically constant for all the solvents. Values of 6 for sulfuric acid 
and alkali lignins are also given. These measurements were not made over 
a sufficient concentration range to make extrapolation advisable, so that 
they represent the directly calculated values. They are not in so good 
agreement as the values for methyl alcohol-hydrochloric acid lignin, but 
they do represent the order of magnitude of 0. 

Three explanations are possible for the deviation of the data from the 
simple Einstein equation in which $ is unity. The first is that the de- 
parture may be due to solvation of the solute particle. The method of 
measuring the specific volume used does not give a true measure of the 
volume of the solvated particle. The constancy of $, however, for quite 
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different solvents makes this factor, in all probability, of minor impor- 
tance. The second explanation is that the equation is derived on the 
basis of no interaction between particles, a condition which would occur 
only at infinite dilution. Unfortunately, the extrapolation to zero con- 
centration can not be definitely made until more accurate measurements at 
extremely low concentrations are available. The third explanation is that 
if the particles were not spherical, they would not be expected to obey the 
original Einstein equation derived on that basis. The equation has been 
extended to include differently shaped particles by Eisenschitz (4), 
Jeffery (13), and Kuhn (17, 18). The Eisenschitz equation for appre- 
ciably elongated elliptical particles when substituted in the modified 


TABLE 1 

Multiples of Einstein constant obtained for various lignin preparations from viscosity 

data at 25°C. 


SOLVENT 

Methyl 

alcohol-hydro- 
chloric acid 
lignin* 

Sulfuric acid 
ligninf 

Alkali lignmt 

Methyl alcohol 

3 36 

3 00 

4 90 

Ethyl alcohol 


4 12 


Ethyl alcohol (few per cent water) 

3 26 



n-Butyl alcohol 


4 50 


w-Propyl alcohol : 


4 20 


Acetone ... 

3 30 

2 08 


Methyl acetate 


2 60 


Chloroform 

3 46 




* By extrapolation to zero concentration. 

t From single measurements below 1 per cent concentration, by assuming ri^p/C 
as constant. 


Einstein equation gives the sha^w factor i/o of the elliptical particles in 
terms of the multiple of the Einstein constant 6, thus 

0.159- — 1— i-2.5l) (2) 

“log2i 

a 

This gives a shape factor for lignin of approximately 7.5. Although this 
shape factor is in a range for which there is no apparent reason for the 
validity of the equation, Theis and Bull (34) have found the relationship 
to be obeyed by stearic acid which, from x-ray and spreading measure- 
ments, has been shown to have a shape factor of this order. 

If the specific viscosity is a function of the shape of the molecule, it 
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should vary with the temperature. At the higher temperatures the fre- 
quency of rotation about even the longest axes will be large in terms of the 
collision frequency, and a molecule will offer nearly spherical collision 
volume. The values of the specific viscosity should tend more and more 
toward that predicted by the Einstein equation. The plot of as a func- 
tion of temperature over a small range is shown in figure 2. The extension 
of this curve could readily give a value of unity for 6 at high temperatures. 

Direct application of the Staudinger method (33) of determining the 
molecular weight from viscosity to these data is impossible, since no in- 
formation is available on the lower molecular-weight homologues of 
lignin, if there are any. An idea of the magnitude of the molecular weight 



Fig. 2. Variation of the specific hydrodynamic volume of a sulfuric acid lignin 
in methyl alcohol with temperature. 

m may be obtained by choosing a representative value for the constant in 
the equation 


^ = Km (3) 

in which C is the concentration in terms of the weight of the repeating 
basic group and K is a constant. Taking the basic chemical molecular 
weight of Ugnin (900) as the repeating group and a value of K equal to 
that for rubber, 3 X lO"* (33), the molecular weight obtained is 18,000. 
If the value of K of 10 X 10~^ for cellulose (33) is used, the molecular 
weight is 6000. These values can be thought of merely as an interesting 
speculation. 

The viscosity data on lignin show conclusively that lignin is not a linear 
polymer such as cellulose, which has a value of 6 of 280 to 400 (21). The 
li gnm molecule, however, deviates definitely from spherical, a probable 
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shape factor being about 7.5. The approximate constantly of $ for different 
solvents indicates that lignin is probably not differently associated in the 
different solvents. Differences in solvation dn the different solvents also 
appear to be small. 


OSMOTIC PRESSURE 

The measurement of moletTilar weight by osmotic pressure provides a 
method that is less affected by impurities than any of the other thermo- 
dynamic methods, such as freezing-point lowering or boiling-point raising. 
The method used was a modification of the dynamic method of Sprensen 



Fig. 3. The osmometer 


(3, 32, 35), altered to give a better suj)port to the membrane and to make 
possible the use of less material. 

The osmometer (figure 3, side view) consists of two brass cells, B and 
B', 4 in. in diameter and 1 in. thick, with a hole 3 in. in diameter turned to 
a depth of | in. in each. ^The cavities betw^een the cells are separated from 
each other by two perforated brass disks, E and E', w^hich rest on the cir- 
cular flanges. The membrane D is held securely between these two disks. 
The rest of the apparatus serves in filling, applying the pressure, and 
measuring the flow. The osmometer is filled through F and F' (the 
primed letters indicate solution and the unprimed letters the solvent) by 
suction applied at H and H', the level of both solution and solvent being 
raised, free from bubbles, to the horizontal part of H. F and F' are 
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securely closed with brass screw caps. All stopcocks are closed and the 
system allowed to stand for eight or ten hours. This procedure allows 
any material of very small molecular weight to come to equilibrium before 
the measurements are made. The whole apparatus, with the stopcocks 
open, is then placed in a constant-temperature bath held at 25® d= 0.05®C. 
When thermal equilibrium has been established, stopcocks K' and L are 
closed, the pressure applied at H', and the flow measured in the capillary 
tube I by means of a cathetometer. If the applied pressure is greater than 
the osmotic pressure, the liquid will be forced across the membrane and 
up the capillary tube I. The rate of flow is proportional to the pressure 
in excess of the osmotic pressure, so that when the flow is zero, the applied 
pressure equals the osmotic pressure. Readings of the height of the men- 



Fia. 4. Dynamic means of determining the osmotic pressure from the rate of flow 
under different hydrostatic pressures for methyl alcohol-hydrochloric acid lignin 
(0.00142 g. per cubic centimeter) in methyl alcohol. 

iscus in I were measured every half-minute for 20 minutes, and these 
values were plotted against the time to determine the rate of flow. The 
rates of flow obtained under different applied pressures were plotted against 
the pressure and the curves extrapolated to zero flow, the intercept being 
the osmotic pressure. 

Rubber dam and cellophane membranes were used. The cellophane 
membranes were of 600 and 300 gage. The cellophane was swollen in 
water, and the water replaced by the solvent. The fact that the osmotic 
pressure is independent of the membrane may be noted in figure 4, in 
which a typical plot of flow against pressure for a solution of methyl 
alcohol-hydrochloric acid lignin in methyl alcohol is given for all three 
membranes. 

The molecular weights, as tabulated in table 2, were calculated from the 
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osmotic pressure on the basis of the van’t Hoff law. The average molec- 
ular weight is, within experimental error, unchanged by the solvent, the 
method by which the lignin was isolated, the number of reprecipitations 
after the second in the purification, the fractionation, the temperature at 
which the measurement was made, the presence of small amounts of water 
or small amounts of salt, or the concentration. 

The fa(^t that elevation of the temperature does not affect the molecular 
weight indicates that the lignin molecule is not a loose aggregate of smaller 
molecules subject to thermal dissociation. No dissociation or polymeriza- 
tion occurs when small amounts of water are added. When sufficient salt 
is added to overcome any Donnan effect that might be present, the mo- 
lecular weight is unchanged, indicating that there can not be any appre- 
ciable Donnan effect in the case of the electrolyte-free systems. Acetone 
and ethyl alcohol solutions of methyl alcohol-hydrochloric acid lignin were 
poured through a filter containing a small amount of activated charcoal. 
When this process was carried out rapidly, it was possible to halve the 
concentration. Molecular weights calculated from the osmotic pressure 
exerted by these solutions were definitely of the same order of magnitude 
as those calculated from the total fraction. Both the difficulty of per- 
forming the fractionation and the similar molecular weights measured 
indicate strongly that lignin forms monodisperse solutions. This is not 
in agreement with the results of Fuchs (8) for phenol lignins. 

The most probable molecular weight from the measurements on maple 
lignin prepared by the three methods previously mentioned is 3900 =b 300. 
This is very close to the value reported by Samec (30), and also approxi- 
mately four times the empirical molecular weight (4 X 900). Comjiletely 
methylated and nitrated lignins show’ increases in molecular w^eight that 
can be accounted for on the chemical basis. The fact that the different 
lignin preparations, which represent different portions of the total lignin, 
give similar molecular weights is a strong indication that the lignin is not 
a mixture of molecular species with appreciable variation in molecular 
weight, for it is highly improbable that each of the preparations should 
contain the same molecular distribution. 

BOILING-POINT RAISING 

A few’^ measurements of the boiling-point raising of lignin in chloroform 
and acetone were made. In this work tw^o sets of the modified^ Cottrell 
boiling-point raising apparatus w^ere used so as to n^quire only 10 cc. of 
solution. They were heated on an electric hot plate by inserting the end of 
each into a form-fitting brass thimble so that only the part beneath the 
inverted funnel w’as heated. The tubes were inserted through holes in an 

* This w^as done by H. D. Tyner of the Forest Products Laboratory. 



TABLE 2 

Molecular weight of various lignin preparations from osmotic pressure measurements at 26°C. 
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Methyl alcohol 0 00913 Cellophane 300 4100 

Maple lignin (sulfuric acid) j Methyl alcohol 0 00408 Cellophane 300 0.046 iV with NaCl 3930 

I Ethyl alcohol 0 0960 Cellophane 300 3420 



[ Methyl alcohol 0 00717 Cellophane 600 

\ Ethyl alcohol 0 00105 Rubber dam 
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a^aaBtoB Ijoaftl up to tlie liquid ievei to eliminate the heating uCthe.upper 
part of the apparatus by other than the boiling liquid and vapmr. Meas- 
urements of the temperature were made ndth Beckmann thermometers 
when solvent was in Itoth tubes and when solvent was in one and solution 
in the other. Thermometer readings were taken after different lengths of 
time, and the values obtained after experimental constancy was attained 
were averaged. The molecular weights calculated from the boiling-point 
raising, together with the probable error due to fluctuations of the tem- 
perature, are given in table 3. Coninderable difficulty was encountered 


TABLE 3 

Malectdar weight of various lignin preparations from boiling-point raising 

measurements 


rrpB or uonzm 

SOLVBNT 

CONCBN- 

TRATIOM 

UOLSCV- 

2.AR 

WBIQBT 

BBROR 


Chloroform 

gramn per 
ffrum 0/ 
aohenl 

0.0672 

3780 

±100 


Chloroform 

0 0336 

3620 

±400 

Mftple lignin (methyl alcohol-hydro- 

Chloroform 

0 0308 

3760 

±200 

chloric acid) 

Chloroform 

0.0154 

3670 

±500 


Acetone 

0 0952 

3180 

±300 


Acetone 

0.0472 

3460 

±500 

Maple lignin (sulfuric acid) 

Chloroform 

0.00605 

3160 

±1000 

[ 

Chloroform 

0 0432 

3510 

±400 

Maple lignin (alkali) ^ 

Chloroform 

1 0.0216 

3810 

±300 

1 

Chloroform 

0.0093 

! 

1 3410 

±500 

Fully methylated maple lignin (methyl 





alcohol-hydrochloric acid) 

Chloroform 

0.0101 

4220 

±700 

Spruce lignin (methyl alcohol-hydro- 





chloric acid) 

Chloroform 

0.00598 

3640 

±1000 


in making the measurements upon spruce lignin, because it separated from 
solution m hij^er concentrations. Even in the comparatively low con- 
centration reported the solution showed a slight Tyndall cone. Similar 
difficulty in obtaming consistent results was encountered with the sulfuric 
acid lignin. Only the value most consistent with the other data is given. 
All the measurements on mnthyl alcohol-hydrochloric acid lignin are j^ven, 
however. In general, the agreement with the osmotic-pressure values is 
good, althou^ toe experimental error seems to be somewhat greater. 
T%e data give a furtoer indication that temperature does not affect the 
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inolpc-ular weight and tliat it is inappreciably affected by the concen- 
tration. 


DIFFUSION 

Tlu) nu'asnrement of tlie diffusion constant was carrii^d out by th(^ 
nu'thod of Lamm (19, 20), in which the rate of change of con(*(‘ntration is 
m(‘asur(Hl l)y following the rate of change of index of refraction. The latter 
is detcuTiiiiUMl by measuring the displacement of thcj lines of a uniform, 
Iransparcait scale* place*el be*hind the diffusion cedi, the* elis])lae*eme*iit bedng 
cause*el by the index of re‘fraction gradient in the cell. Pliotographs of the 
scale, using the monochromatic light from a sodium vapor lamp for illu- 
mination, w(*re‘ take*!! e*ve*ry half-hour for a period of about four hours with 
a long focus camera to avoid distortion of the image. 



Fiei. 5. The* diffusion api)aratub 


The* diffusion apparatus was ennstrucled of two blocks of monel me*tal. 
The* large*!* of two bloe*ks had two groove*s 8 '4 in. ele*e*p and 3/S in. wide* 
running the* length of the* block, 1/4 in. from the* edge. Plate glass windows 
vve*re* se*e*urely faste*ne*d in the^se groove's by me*ans e)f a brass sjiring arrange*- 
ment, the pre*ssiire of whie*li was ad.iuste*d ])y set scre*w's (figure 5). Slots 
1/2 in. w’ide and 1/2 in. dee*]) we're e‘ut across e'aedi of the blocks, serving as 
tlie* e*e‘lls wdie*n the face's are* e*lose*d ])y the |)latei glass. The* ai)j)aratus was 
put toge'ther in the position show^n in the* figure, the ui)per ce*ll lieing fille*el 
with solve*nt and the lower with solutie>n by means ed* oj>enings in the toj) 
of the smaller block, after which the*y w ere cleised w ith corks as show n in the 
illustration. In the case of the e*hlorofe)rm solutions the procc'dure* was 
reversed, sine*e thei solvent is more elense than the solute. The a])i)aratus 
was fastened securely to the bottom of a brass air bath that had plate* 
glass window's at each end. The air bath w as surrounded e*ompleteIy by a 
water bath hc'ld at 25° zh 0.02°C. The^ ai)paratus was allowT?d to reach 
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thermal equilibrium, for which two hours usually was considered sufficient, 
the air being stirred constantly. Then the upper cell was pushed over the 
lower by a steadily moving screw. The boundary formed between them was 
very sharp, as may be noted by the fact that the diffusion constant meas- 
ured was independent of the time, even for times as short as half an hour. 

The displacement of each line on the photographs was measured with a 
comparator to 0.002 cm., and the displacement plotted against the height 



Fig. 8. Diffusion data in terms of the relationship between the square of the 
standard deviation and the time for sugar in water solutions and various lignin 
preparations in several organic solvents. O, sulfuric acid lignin (0.2-0 .4 per cent); 
#, methyl alcohol-hydrochloric acid ligin (0.1-0 .6 per cent); A, alkali lignin (0.3 
per cent); At sugar (0.5 per cent). 

in the cell. Representative plots for sugar and for lignin are shown in 
figures 6 and 7. On the basis of the index of refraction being proportional 
to the concentration, these graphs are, except for a scale factor, a plot of 
the rate of change of concentration against the height in the cell. The 
solution of Pick's law for diffusion taking place under these conditions is a 
normal probability curve, the standard deviation or of which is related to the 
diffusion constant D through the following equation: 


Ka^ 

2t 


( 4 ) 
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where i is the time. The standard deviation was determined by finding 
the normal curve of known standard deviation that most closely matched 
the experimental points. The lines in figures 6 and 7 represent the normal 
curves chosen to represent those data. The squares of the standard 
deviation were plotted against the time, and the diffusion constant was 
determined from the slop)e. When the concentrations were of the order of 
one-half of 1 per cent or more, the displacement of the lines was so great 
as to make accurate determinations impossible. Only those curves were 
used to determine the standard deviation for which most of the scale lines 
could be read with certainty. A plot for sugar and the various lignin 
preparations in several of the solvents is shown in figure 8. The diffusion 
constant obtained for sugar is 4.58 X 10~® sq. cm. per second, which is in 
good agreement with the accepted values found in the literature. 

The determination of the molecular weight of lignin was made from the 
diffusion constant by means of Einstein’s diffusion equation 


D = 


RT 

N 


1 

fiTTTyr 


(5) 


The molecular weights so determined are shown in table 4. A single run 
with a McBain-Northrup diffusion cell (22, 23) was made on a solution of 
methyl alcohol-hydrochloric acid lignin in methyl alcohol at a concen- 
tration of 0.00248 g. per cubic centimeter. The cell constant was deter- 
mined with sugar. A molecular weight of 9500 was obtained. The 
molecular weights for all the lignins in all the solvents are nearly identical, 
but they are considerably higher than the molecular weights determined 
by osmotic-pressure data. There are two reasons that might account for 
this difference. First, the lignin solution might be a mixture of different 
molecular species. The osmotic pressure gives a molecular weight that 
depends upon the number of particles in the solution, whereas the diffusion 
constant gives a molecular weight that depends upon a weight average of 
the particles. Any appreciable deviation from monodispersion would 
result in higher calculated molecular weights from diffusion than from 
osmotic pressure, because the larger particles would have the dominating 
effect in the former measurements and the smaller particles in the latter 
(21). Several reasons have already been given to indicate that the lignin 
solutions approach monodispersion. The diffusion data also give further 
evidence of monodispersion. If the solutions were polydisperse, each 
species would diffuse at its own rate and its data would fall on a normal 
curve whose shape would depend on the weight and the nutnber of par- 
ticles of that particular species."* The measured curve would be a weighted 
sum of these separate curves. This sum would probably not be normal, ’ 
though it might approach normal if there were a great many particles of 
nearly equal molecular weights. The fitting of the data to a normal curve 



MOLECULAR PROPERTIES OF LIGNIN SOLUTIONS 


1129 


can not be done with enough accuracy to show small departures from 
normal, but the agreement, as shown in figures 6 and 7, is very good. Also 
the plot of the square of the standard deviation against the time is linear 
over long periods. If the system were polydisperse this would not be true. 
Thus appreciable deviations from monodispersity are highly improbable. 

If the molecules were not spherical, the use of the Einstein equation 
would be unjustified. Though the departure from spherical, as indicated 
by viscosity data, is small for the lignin molecule, the difference between 

TABLE 4 


Molecular weight of various lignin preparations from diffusion measurements at 



1 

MOLBCU- 


TYPB OF UONIN 

SOLVSNT 

LAR 

ERROR 



WBIGHT ! 



Methyl alcohol 

10,000 

±200 

Maple lignin (methyl alcohol-hydro- 

Ethyl alcohol 

10,000 

±200 

chloric acid) ... 

Acetic acid 

9,5U0 

±500 


Chloroform 

10,500 

±500 


Methyl alcohol 

11,000 

±1000 


Methyl alcohol (0.045 N 

11,000 

±500 


with NaCl) 



Maple lignin (sulfuric acid) ... 

Methyl alcohol (+11 per 

10,000 

±500 


cent water) 

Ethyl alcohol 

12,000 

±1000 


Acetone 

12,000 

±600 

Maple lignin (alkali) | 

Methyl alcohol 

Ethyl alcohol 

10,000 

9,000 

H-H- 

11 

Spruce lignin (methyl alcohol-hydro- 

• 



chloric acid) . . ... 

Methyl alcohol 

7,350 

±300 

Fully methylated maple lignin (methyl 




alcohol-hydrochloric acid lignin).. . 

Acetone 

9,500 

±500 


the molecular weights obtained by osmotic pressure and by diffusion 
increases rapidly with increasing ellipticity. Perrin (24) has developed 
a theory for the rotary diffusion of elliptical particles. The result is ex- 
pressed in terms of the ratio of the time of relaxation for an elliptical 
particle (ri) and for a sphere (ro). The ratio of n/ro for a prolate spheroid 
rotating about its minor axis is 


Tl 

Tq 


2 

^ (2 - p*) 


1 ~ 

_^iogL±vIZ^ 

Vi - P* 




( 6 ) 


P 
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where p is the ratio of minor to major axis. If a somewhat similar relation- 
ship holds for linear diffusion, it should be possible to determine a shape 
factor for the lignin molecule. If the true molecular weight of lignin is 
taken as 3900, the diffusion constant, considering the molecule to be 
spherical, can be calculated. This diffusion constant is three-quarters of 
the measured values and, according to Perrin's theory, gives a shape factor 
of approximately 8. This is in as good agreement with the shape factor 
found from viscosity data as could be expected. 

It is thus quite definite that the deviations of the molecular weight 
obtained by diffusion from the values obtained from osmotic pressure are 
due to a deviation of the molecule from a spherical shape rather than to the 
system being polydisperse. 

Measurements, to be published later, made on the dispersion of the 
dielectric constant of chloroform solutions of lignin gave molecular weight 



Fia. 9. Area covered per unit weight of methyl alcohol-hydrochloric acid lignin 
in chloroform as a function of the concentration. 

values that were in good agreement with the values calculated from the 
diffusion constant. This was to be expected, since the dispersion of the 
dielectric constant is a measure of the rotary diffusion constant. 

SPREADING MEASUREMENTS 

Some concept of the dimensions of large organic molecules can be ob- 
tained from the measurement of the area covered by a material when 
spread on a liquid in which it is insoluble. If the molecular weight and 
density are known, the area per molecule as well as the thickness of the 
film can be determined. 

Lignin was dissolved in chlqroform and spread on water against the 
pressure of a thin film of lycopodium powder. When the area covered per 
gram of lignin was plotted as a function of the concentration, a limiting 
concentration of 0.005 g. per cubic centimeter was obtained, below which 
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the area covered per gram was a constant. This constant value corre- 
sponds to a film thickness of 16 A. U. (figure 9) . If the molecular weight is 
taken as 3900, the area per molecule is 318 sq. A. U. 

Spreading measurements were also made with a modified Langmuir film 
balance. The pressure exerted was practically zero until an area of 308 
sq. A. U. per molecule, using several different concentrations, was reached. 
If the area was decreased slightly below this value the pressure rose very 
rapidly, the fihn collapsed, and the measurements were no longer revers- 
ible. Measurements upon 0.1 iV hydrochloric acid solution gave similar 
results, and also measurements with nitrated lignin. If the two surface 
dimensions were equal, they would be equal to 17.6 A. U. and the molecule 
would be practically spherical. This is in disagreement with the previous 
findings reported here, which indicate a length from six to eight times the 
effective cross-sectional diameter. If the dimensions are taken as 16 A. U. 
by approximately 100 A. U. by 3 A. U., all the known data may be cor- 
related. 

SUMMARY AND CONCLUSIONS 

Lignin isolated by three different methods and dissolved in a number of 
different organic solvents gives molecular weights of two magnitudes, one 
of which is 3900 db 300 and the other 10,000 db 1,000. The lower value 
was obtained by the osmotic-pressure and boiling-point raising methods, 
both of which give number average values and are independent of shape. 
The higher value was obtained by diffusion measurements, which give 
weight average values and are affected by shape. Two explanations for 
this difference are offered, one depending on the concept of polydispersity 
and the other depending on the departure of the molecules from a spherical 
shape. A number of reasons are given to show that the latter explanation 
is probably correct. The viscosity data indicate that the lignin dispersion 
approaches moiiodispersion, because of the practical (jonstancy of the 
multiples of the Einstein constant at infinite dilution in the different 
solvents. The constancy of the molecular weight of all the lignin prep- 
arations in all the solvents, the nearness with which the actual diffusion 
data approach the theoretical standard deviation curves, and the non- 
variation of the diffusion constant with time are also given as evidence 
that the isolated lignin is a single molecular species. On the other hand, 
the magnitude of the multiple of the Einstein constant obtained from 
viscosity data and the deviation of the molecular weight calculated from 
the diffusion constant from the molecular weight from osmotic pressure 
both indicate that lignin has a shape factor of the order of 6 to 8. It thus 
appears that the true molecular weight is of the order of 3900 db 300, which 
is four times the empirical molecular weight. A possible set of molecular 
dimensions based on the film thickness obtained from spreading measure- 
ments and the shape factor is of the order of 3 X 16 X 100 A. U. 
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The lignin preparations prepared by methods which deviate so appre- 
ciably and which give soluble fractions representing such different portions 
of the total lignin all approached monodispersion and gave identical 
molecular weights within experimental error. These phenomena cer- 
tainly indicate that the soluble fractions of isolated lignin are similarly 
associated, namely, four times the empirical molecular weight of 900. 
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THE COLLOIDAL NATURE OF ASPHALT AS SHOWN BY ITS 

FLOW PROPERTIES^ 
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Although our knowledge of the physicochemical state of asphalt is quite 
incomplete, the notion of the colloidal nature of bituminous materials 
has been advanced by various authors. Richardson (21) did consider- 
able pioneer work at a time when the modern conception of the colloidal 
state was just beginning to take form. Recently Nellensteyn (16, 17) and 
his coworkers have described asphalts as protected lyophobe sols in which 
the micelles, forming the dispersed phase, are composed of high molecular 
weight hydrocarbons of high carbon content, presumably enveloping nuclei 
of free carbon. It is generally assumed that the dispersed phase is com- 
posed of those substances, called asphaltenes, which are insoluble in 86® 
Baum^ naphtha. The continuous or dispersing phase contains low molec- 
ular weight hydrocarbons which are soluble in 86° Baum6 naphtha and 
are called petrolenes. Mack (14) considered asphalts as sols of asphaltenes 
in a mixture of asphaltic resins and oily constituents (petrolenes), and in- 
vestigated the viscosity of various combinations of these phases. From 
his data he drew conclusions concerning the causes for the high viscosities 
shown by asphaltic materials. 

Although there is some information in the literature regarding the viscos- 
ity of asphalt, there has been little work done in the direction of deter- 
mining the presence and degree of the abnormal flow properties such as 
thixotropy, quasi-viscousness, and elastic effects which frequently pre- 
vail in, and are characteristic of, colloidal systems. On the basis of limited 
data some workers have asserted that asphaltic bitumen is truly viscous, 
while others have stated that it exhibits non-Newtonian flow characteris- 
tics. It is the purpose of the present paper to discuss the flow properties 
of asphalts of widely different source and type of processing, and to show 
how a knowledge of these properties substantiates the theory that asphalts 
are colloidal. The authors intend to show that the existence and magni- 
tude of the anomalous flow characteristics depend not only on the type of 
bitumen, but also on the temperature at which the measurements are made, 

1 Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-18, 1936. 
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and on the method mid degree of processing to which the asphalt has been' 
subjected. 


viscous ASPHALTS 

In our laboratory a number of asphalts have been studied in order to 
ascertain the effect of temperature and shearing stress on the experiment- 
ally determined viscosities. Measurements have been made from 15° to 
130®C. by means of the modified Bingham-Murray plastometer (6, 19), 
the Bingham-Stephens alternating-stress method (7), the falling coaxial 
cylinder viscometer (20), and the conicylindrical rotation viscometer 
(15). All of these instruments as used in our laboratory have been de- 
scribed and discussed elsewhere (28). To complete the study of tempera- 
ture effects, viscosities at temperatures as high as lOO^C. have been meas- 
ured by means of a Saybolt-Furol viscometer and the values in Furol 
seconds converted to poises (12). 


TABLE 1 

Identification of asphalts 


nnUONATXOM 

BOUBCB (TYPB) 

PROCBSB 

PBNBTBATXON 
AT 25*C., 

100 G., 6 BBC. 

RING AND 
BALL BOFTBN- 
XNG POXNT 

A 

Californian 

Vacuum 

55 

“C. 

47.2 

B 

Mexican 

Vacuum 

55 

52.2 

C 

Mexican 

Batch steam 

62 

52.2 

D 

Refined Trinidad native 


4 

96.7 


lake asphalt 




E 

Venezuelan 

Batch steam 

53 

53.3 

F 

Venezuelan 

Batch steam 

41 

61.9 

G 

Venezuelan 

Air-blown 

65 

68.9 

H 

Venezuelan 

Air-blown 

94 

57.2 

I 

Venezuelan 

Air-blown 

132 

51.1 


The viscosities of many steam- and vacuum-refined asphalts of paving 
consistency prepared from Californian, Venezuelan, Mid-Continent, and 
Mexican petroleums showed no dependence on the shearing stress em- 
ployed over the large range of stresses studied at low (atmospheric) tem- 
peratures. However, with certain types of these asphalts deviations from 
viscous flow appear in the region of 40 penetration (3) at 25°C., 100 g., 
5 sec., and are more exaggerated as the asphalt becomes harder. Vacuum- 
refined Californian asphalt exhibited Newtonian flow at atmospheric 
temperature even when it had been processed to as low as 35 penetration 
at 25°C., 100 g., 5 sec. (viscosity. = 25 X 10* poises at 25®C.). 

Table 1 serves to identify th6 various asphalts discussed in this paper 
with regard to source, method of processing, penetration, and Bing and 
Bali softening points. 
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In table 2 data on asphalts A and B, both of 55 penetration at 25®C., 
100 g., 5 sec., are presented as typical examples of asphalts exhibiting 
truly viscous flow properties at both high and relatively low (atmospheric) 
temperatures. 

The viscosities at the higher temperatures were measured in the Bing- 
ham-Murray apparatus, while the Bingham-Stephens alternating-stress 
method was used for the determination of the viscosities at low tempera- 
tures. The reproducibility of the above viscosity values is within ±5 
per cent. Within this limit the data in table 2 are typical of numerous 
asphalts whose viscosities are independent of the shearing stress em- 
ployed. 


TABLE 2 


Data showing Newtonian flow for asphalts A and B 


BHBABINO BTBS88 

viacoaiTY 

SHBABINQ BTBB8S 

VlBCOaiTY 

Asphalt A at 100°C. 

Asphalt B at 110®C. 

dynes per cm* 

poises 

dynes per cm,* 

potses 

367.8 

42.6 

426.9 

56.9 

306.7 

41.6 

371 0 

57 0 

263.0 

42.0 

332 3 

56.9 

233.8 

42 0 

300.9 

57 4 

211.0 

41.6 

274.9 

56.5 

194 8 

41.5 

253 1 

57.2 

181 0 

41.8 

234 5 

56.7 



218 4 

57.2 

Asphalt A at 20°C. 

Asphalt B at 30°C. 

149,800 

11.5 X 10« 

17,000 

2.16 X 10« 

135,700 

11.6 X 10« 

15,200 

2.29 X 10® 

123,600 

11.9 X 10« 

13,300 

2.35 X 10® 

110,000 

11.7 X 10« 

11,500 

2.40 X 10® 

93,500 

11.8 X 10« 

9,900 

2.38 X 10® 

80,300 

11.8 X 10« 

8,400 

2.34 X 10® 


EFFECT OF TEMPERATURE ON VISCOUS ASPHALTS 

It is generally assumed that asphalt is a system in which the solubility 
of the dispersed phase (asphaltenes) in the oily continuous phase (petro- 
lenes) is influenced by temperature. At high temperatures the solubility 
is increased, except for free carbon if it is present. As the temperature is 
progressively lowered the two phases become more distinct and the colloi- 
dal properties of the system become more exaggerated. However, even 
at low temperatures the system usually is stable, the asphaltenes remaining 
dispersed owing to the protective action of the asphaltic resins. Various 
investigators are divided in their opinions as to whether this system has 




1136 


B. TBAXLBR aINO C. E. COOICBS 


the form of a suspensoid or of an emulsdd. The opinion has been ex- 
pressed that the tempem'ture-visoosity curves for asphaltic bitumen should 
have two marked points of transition, one where the system passes from 
the liquid to the semiliquid state, and the other where a transition occurs 
from the semiiiquid to the solid state. From the rheological standpoint, 
this latter statement is ill-defined for, as far as flow properties are con- 
cerned, a transition from the true liquid state to anytMng approximating 
the solid state means a change from purely viscous properties to definitely 
plastic behavior, involving yield values and mobilities rather than viscosi- 
ties. From the numerous data collected in our laboratory no asphalt has 
been found to possess plastic properties as defined above. 

Nellenstesm and Roodenburg (18) have shown points of inflection in the 
relation between surface tension and temperature, while Klinkmann (13) 
and Spiers (26) have shown such transition points in their temperature- 



Fio. 1. Variation of viscosity of asphalt C with temperature 

viscosity rdationships for bitumen and tar. On the other hand, there is 
an abundance of data which shows that there is a distinct continuity 
throughout the viscosity-temperature curves. Evans and Rckard (9), 
Eymann (10), Pochettino (20), and Rodiger (22) have all given data sup- 
porting the latter statement. Saal (24) has recently shown that there is 
no break in the relation between temperature and surface tennon for as- 
phaltic bitumen. 

In our laboratory the viscosities of fourteen asphalts of mdely different 
origins, processed differently and to various degrees, have been measured 
from 16® to 190®C. Some of tl^ese data have been reported elsewhere 
(19, 25). The viscoMties from 16® to 36®C. were measured by the alter- 
pating-stress method (7), from 40® to 130°C. by the modified Bingham- 
Murray apparatus (19), and above 130®C. with a Saybolt-Furol viscom- 
eter (2). The Furol seconds were converted to absolute c.o.8, units 
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(poises) (12). The type of data obtained is illustrated by figure 1, which 
shows the logarithm of the viscosity for asphalt C plotted against the tem- 
perature in degrees Centigrade. In none of the fourteen asphalts is there 
any indication of a sudden break in the viscosity-temperature relationship. 

The fact that no sudden changes occur in the log viscosity versus tem- 
perature (®C.) relation does not discount the notion that as the temperature 
is lowered, the asphaltenes gradually separate from true solution with the 
petrolenes to give rise to a stable system whose colloidal properties become 
more pronounced as the temperature decreases. The facts indicate that 
the transition from a condition approximating true solution to a distinctly 
colloidal state is so gradual that no sudden change in physical properties 
occurs. From a plot such as that shown in figure 1 it is evident that the 
so-called ‘^softening point”, which is of value to bituminous technologists, 
does not represent a temperature at which the viscosity changes sharply. 
It has already been pointed out (1) that the Ring and Ball softening point 
(4) is merely the temperature at which any asphalt attains a particular 
viscosity (approximately 12,000 poises). Saal (23) states that the Ring 
and Ball softening point may correspond to a viscosity value somewhere 
between 10,000 and 20,000 poises. 

At atmospheric temperatures (15® to 40®C.), a range to which paving 
asphalts are subjected in use, a plot of the logarithm of viscosity against 
temperature in degrees Centigrade is a straight line within the limits of 
experimental error. Therefore, for this range, viscosity and tempera- 
ture may be related by the expression 

log 17 = + b (1) 

where rj = viscosity in poises, t == temperature (®C.), and m and h are 
constants. For the higher temperatures where the viscosities vary from 
1 to 6 poises, a consistency range in which asphalts are usually processed, 
the same type of equation applies. 

An asphalt viscosity index, which evaluates the susceptibility of as- 
phalts to temperature changes in terms of percentage decrease of viscosity 
(in poises) for a 1®C. rise in temperature, has been derived (27), using the 
slope m of equation 1. This index is expressed as 

A.V.I. = 100 (10- - 1) (2) 

Experimentally, it is only necessary to measure the viscosities 17a and 176 
at two temperatures ta and h (®C.) within the range where equation 1 is 
valid. Then, 

A.V.I. - 100 [(55) - 1]* (3) 

* In actual practice the A.V.I. is most readily calculated from the expression 
100 (antilogarithm of the slope “m” — 1). 
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Since the viscosity of a^halt dinunishes with increasing temperature 
the vidues of the A.V.I. are negative, but from the definiticm given above 
the sign may be ignored. For asphalt C, shown in figure 1, the A.V.I. 
changes from 20.5 at the low service temperatures to 4.4 at the h%h proc- 
essing temperatures. Thus, a great decrease in both viscosity and sus- 
ceptibility to temperature change occurs with a large rise in temperature. 

THESOTBOPT IN ASPHALTS 

Numerous cases have been found where an initial working of the asphalt 
sample at a high stress was required before a constant viscosity value was 

TABLE 3 


ViacoBxty data showing presence of thixotropy in asphalt D at SO^C. 


SIBBCnOll or MOVaMBNT* 

8RSAB1NO BTBMMB 

VUCOUTY 


dynes per em,* 

poises X iOr* 

In 

145,000 

23.6 

Out 

144,000 

21.0 

In 

144,000 

18.0 

Out 

144,000 

18.2 

In 

144,000 

17.4 

Out 

143,000 

17.1 

In 

143,000 

16.8 

Out 

143,000 

16.0 

In 

143,000 * 

16.0 

Out 

143,000 

16 7 

In 

143,000 

15.0 

Out 

124,000 

16.4 

In 

124,000 

15.6 

Out 

113,000 

16.7 

In 

113,000 

15.7 

Out 

02,800 

I 16.5 

In 

02,800 

15.0 

• Out 

82,300 

16.3 

In 

82,300 

16.0 


* The first “out” movement is never recorded because of dififoulties in focus- 
ing, etc. 


obtained. After a variable amount of structure, depending on the nature 
of the asphalt, was removed from the sample by the application of me- 
chanical shear, the viscosity values for all stresses less than that initially 
used were constant. This phenomenon of thixotropy or breakdown of 
structure under the influence of mechanical working has been observed in 
many colloidal systems, especiaUy when, the concentration of the dispersed 
phase is appreciable. A typical case of thixotropy is found in the viscosity 
data for asphalt D given in table 3. The measurements on this asphalt 
were made using the alternating-stress method. 
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It will be noted that after the initial “working’’ period, the viscosity of 
this asphalt decreases to a value which remains essentially constant over a 
range of decreasing shearing stresses. The viscosity value corresponding 
to the “in” movement, for a given shearing stress, is always lower than 
that corresponding to the “out” movement. This behavior probably is 
•caused by the elasticity of the material. 

AGE-HARDENING OF ASPHALTS 

An interesting and important manifestation of thixotropy is the phe- 
nomenon of age- or time-hardening of asphalts. Asphalt technologists 
know that if the penetration of a sample of asphalt is obtained immediately 
after cooling and again on the same undisturbed sample at intervals of 
several days, the asphalt will be found to have become harder with the pas- 
sage of time. Remelting the sample causes the asphalt to return to its 
original consistency. 


TABLE 4 

Increase in viscosity of asphalt E with time 


TXMB 

VlSCOaiTY 

TIMS 

VIBCOMTT 

hours 

potaea X 1 O'"* 

hours 

poises X 10"* 

4 

7.54 

317 

9 38 

25 

7,80 

820 

11.0 

52 

8.21 

2232 

12 1 

77 

8 56 

4455 

12.7 

148 

8 89 

9100 

14 2 



5* 

8 3 


* Reinelted sample. 


Measurement of viscosity in absolute units offered a sensitive method 
of evaluating this age-hardening phenomenon (29). The falling coaxial 
cylinder viscometer (20, 28) was particularly well adapted to such an in- 
vestigation, because several instruments could be filled simultaneously 
with the same asphalt and stored at a constant temperature, and deter- 
minations of the viscosity could be made at any desired intervals of time. 
Ten or twelve instruments were usually filled with a particular asphalt. 
The viscometers and contents were stored in a cabinet maintained at 25® 
it0.5®C. At increasing intervals of time samples were removed from the 
cabinet and the viscosities measured at 25®C., using a rather low shearing 
stress (7200 dynes per cm.^). After each measurement was completed the 
sample Mras discarded. Table 4 gives the data obtained using asphalt E. 

The first value obtained (at the end of four hours) is unaccountably 
high, but the remaining nine values fall very close to a straight line when 
log viscosity is plotted against log time. The sample which had aged for 
9100 hours was remelted in the viscometer, cooled, and the viscosity de- 
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temmxed at the end of five hours, vdth the result shown at the bottom of 
table 4. It is evident that after aging for over one year a large percentage 
<rf the structure which had developed could be destroyed by heat. 

The phenomenon of age-hardening is apparently thixotropic in its na- 
ture, because by the application of a high shearing stress in a rotating- 
cylinder viscometer the viscosity of an ^ed asphalt can be reduced just 
as is done by heating. 


TABLE 6 


“Mquilibrium viseosiltes" of quasi-wscoiu asphalt F at tS’‘C. 


APPSOXXlfATB TIM B 
or WOBKXMG 

MBAN BBBABIKG STBBM 

BATB or SBBAB 

"BQUILIBBIUM 

YIBOOBITY" 

minutea 

dynaa per em,* 

redproeal aeeonda X iO* 

poiaea X iOr* 

35 

11,600 

5.72 

20.3 

30 


17.6 

19.9 

60 


40.6 

17.3 

100 

138,700 

114. 

12.2 



Fig. 2. Non-Newtonian flow of asphalt' F at 25*0. 

NON-NEWTONIAN FLOW 

When a system possesses sufficient internal structure to cause the appear- 
ance of marked thixotropic effects, other anomalous flow characteristics 
often become ajqxarent. At a particular shearing stress such a system 
must be worked in a given direction until a constant rate of movement is 
obtiuned. From this an “equilibrium viscosity” may be calculated. 
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However, the ‘^equilibrium viscosity’’ decreases with increasing shearing 
stress, and a plot of the rate of shear versus shearing stress yields a curvi- 
linear relationship passing through the origin. This phenomenon has been 
called non-Newtonian flow, and the materials are said to be quasi-viscous. 



Fig. 3. Elastic effects in asphalt F at 25®C. Mean shearing stress ~ 34,800 dynes 
per square centimeter. • 



Fig. 4. Elastic and thixotropic effects in asphalt F at 25°C. Mean shearing stress 
» 69,600 dynes per square centimeter. 

This type of flow indicates that the system possesses some rigidity, but 
the material cannot be called a plastic solid in the sense in which Bingham 
(5) uses the term. A “yield value” would have little physical significance 
since it would depend completely on the shearing stress at which it would 
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be determined. Further, the value” would be zero when the rate 
cS shear is zero. 

Table 6 and figure 2 show data for asphalt F, a steam-refined asphalt of 
paving consistency, which exhibits a marked quaffl-viscous nature. The 
measurements were made in the conicylindrical rotation viscometer (15, 
28) at 25“C. Only the final “equilibrium viscosities” are recorded. 



Fig. 6. Elastic and thixotropic effects in asphalt F at 25°C. Mean shearing stress 
«• 138)700 dynes per square centimeter. 

ELASTIC EFFECTS 

Figures 3, 4, and 5 give some additional information concerning the flow 
properties of asphalt F. The rate of movement of the inner cylinder 
(radians per second X 10“^) is plotted against time in minutes for the last 
three shearing stresses ^ven in table 5. If the material were purely ^s- 
cous, the rate of movement would be independent of the period of working. 
However, it is observed (figure 3) that at the low stress (34,800 d3mes per 
cm.®) the rate of movement of the inner cylinder is initially high and with 
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time decreases asymptotically to a constant value. The same behavior 
was noted for a shearing stress of 11,600 dynes per cm.^ Such a phenome- 
non has been recognized in other materials as an elastic fore-effect by 
Braunbek (8) and by Ferry and Parks (11), et al. The initial elastic dis- 
placement is gradually obscured by the viscous deformation, and the rate 
of movement eventually becomes constant. The “equilibrium viscosity’’ 
given in table 5 is calculated from this constant rate. At point C in figure 
3 the stress is suddenly removed from the sample and an elastic return is 
effected, the inner cylinder of the viscometer rotating in the reverse direc- 
tion of its own accord. The rate of reverse movement is shown by curves 
DE and EF, 

At a higher stress (69,600 dynes per cm.^) the same elastic fore- and after- 
effects are noted (figure 4). However , this stress is high enough so that the 
initial elastic fore-effect is partially masked by the breaking-down of 
structure within the sample. As the internal structure is destroyed by 
the mechanical shearing the rate of movement of the inner cylinder in- 
creases and finally becomes essentially constant. This constant rate is 
again used to calculate the “equilibrium viscosity” recorded in table 5. 

When the high stress (138,700 dynes per cm.^) is used (figure 5), the ini- 
tial elastic effect is entirely obscured by the viscoiis deformation and break- 
down of structure within the asphalt. However, it is evident that the 
system still possesses some structure, even after being subjected to a high 
stress for 100 minutes, because an elastic return is noted when the shearing 
stress is removed from the sample. 

DEPENDENCE OF ANOMALOUS FLOW PROPERTIES ON THE DEGREE OF 

PROCESSING 

It is known that as the processing of an asphalt continues the material 
becomes harder, resulting in a lower penetration and an increased per- 
centage of asphaltenes (dispersed phase). In conjunction with this fact 
we have found that in air-blown asphalts of the type represented by as- 
phalts G (65 penetration), H (94 penetration), and I (132 penetration), 
the harder the asphalt, the greater the deviation from Newtonian flow. 
Comparisons of these asphalts were made at approximately equal ranges 
of rate of shear, for it seems reasonable that the magnitude of thixotropic 
and quasi-viscous effects should depend on the rate at which the samples 
are sheared. If, on the other hand, we had compared these asphalts of 
widely different “viscosities^’ at a given range of shearing stresses, the low 
\iscosity asphalt (132 penetration) would have been subjected to much 
higher rates of shear than the asphalt of highest viscosity (65 penetration). 
Thixotropic and quasi-viscous effects in the higher viscosity asphalts, as 
evidenced from a comparison of the final “equilibrium viscosities” of these 
three different asphalts, would therefore have been underestimated. 
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For a complete study of elastic effects, however, aU samples should be 
run at exactly the same shearing stresses. Since we are interested pri- 
marily in tibe thixotropic and quasi-vi8(x>U8 characteristics of these mate- 
rials in the present work, we have used approximately equal ranges of rates 
of shear. 

In all of the determinations low shearing stresses were employed so as to 
insure the absence of slippage of the samples at the walls of the viscometer. 

In table 6 are given the “equilibrium viscosities” of the air-blown as- 

TABLE 6 


"Equilibrium vUcoiitiet’’ of air-blovm asphtdls G, H, and I at tS^C. 


ASPHALT 

1 

i UKAH 

1 SHBABXSra 
STBBSS 

1 

TIMBOT i 
WORKZlfO 1 

TXIf B FOB 
ATTAIN* 
IIBNT OF 
BQUILIB- 
BIUl|“n” 

BATB OP 
BRBAB 

saUtLlB- 

BBBAKOOWN OF 
STBUCTCRB BY 
CONTINVBO 
WOBKINO 



dynes 
p€r cm.* 

minutes 

minutes 

rectproeal 

seconds 

XIO* 

poises 

X to-* 



r 

21,900 

1,260 

100 

1.16 

188 

None 

G (66 penetration). . 

1 

43.800 

76.800 

805 

10 

615 

A 

5.21 

13.9* 

84.0 

66.2* 

Slight 

Considerable* 


1 

76,800 

545 

A 

30.0* 

25.7* 

Considerable* 

1 

* 

1,060 

400 

50-400t 

0.434 

24.4 

None 



2,150 

770 

4(>-700t 

0.870 

24.7 

None 

H (94 penetration) . . 


4,340 

8,730 

445 

690 

35-425t 

30-^0t 

1.74 

3 77 

24.9 

23.1 

None 

None 

i 


32,900 

10 

A 

20.3* 

16.2* 

Considerable* 



32,900 

645 

A 

38.6* 

8.52* 

Considerable* 

1 


1,060 

260 

15(>-240t 

0.231 

i 4.58 

None 

I (132 penetration) ..A 


4,340 

10,900 

790 

10 

50-740t 

A 

1.00 

27 8* 

4.34 

3.92* 

None 

Some* 

1 


10,900 

440 

A 

35 2* 

3.09* 

Some* 


* An equilibrium velocity was not attained during the time allotted to the experi- 
ment; the viscosity continued to decrease on further working. 

t The time could not be ascertained more accurately because the equilibrium 
state was attained in the sample during the absence of the observer. 


phalts G, H, and I, as measured in the conicylindrical rotation viscometer 
at 26*0. 

At low shearing stresses the samples were worked for long periods of time 
to make certain that “equilibrium viscosities” had really been attained. 
It is evident from table 6 th^t at the lowest stresses none of these asphalts 
shows thixotropic behavior in this instrument, although they are quasi- 
viscous (i.e., the “equilibrium viscosity” is dependent on the shearing 
stress employed). At the highest stress employed in each case, however, 
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the breakdown of structure is very evident, since the ^^viscosities’ ^ dimin- 
ish with time at constant shearing stress. These experiments substantiate 
the results shown in figures 3, 4, and 5 for asphalt F in indicating that there 
is a critical shearing stress at which the structure of the asphalt sample is 
broken down to some extent in this instrument with continued working 
in a given direction. At all stresses above this threshold value thixotropy 
is manifested. 


TABLE 7 

**Equilibriu7n viscosities^^ of air-blown asphalt G {65 penetration) 





TIME FOR 



BREAKDOWN OF 

TEMPERA* 

SHEARING 

STRESS 

TIME OF 

ATTAINMENT 

RATE OF 

EQVILIB* 

STRUCTURE BY 

TURE 

WORKING 

OP EQtHLXB* 

SHEAR 

RltTM “t,” 

CONTINUED 



RltJM “17” 



WORKING 

•c. 

dynes per 
cm* 

minutes 

minutes 

reciprocal 
seconds X 10* 

penses X lO"* 


25 0 

21,900 

1,260 

100 

1.16 

188 

None 


43,800 

805 

615 

5 21 

84.0 

Slight 


76,800 

10 


13 9* 

55 2* 

Considerable* 


76,800 

545 

* 

30 0* 

25 7* 

Considerable* 

35 0 

1,060 

360 

300 

0 434 

24 4 

None 


6,530 

170 

70 

2.61 

25 0 

None 


10,900 

970 

100-820t 

4.19 

26 0 

Slight 


32,900 

10 


19.7* 

16 7* 

Considerable* 


32,900 

420 

♦ 

51 4* 

6 40* 

Considerable* 

45.0 

511 

840 

20 

1 00 

5 07 

None 


1,170 

540 

320 

2 60 

4 50 

None 


3,240 

260 

30 

6 65 

4 87 

None 


8,730 

10 

* 

22 0* 

3.96* 

Some* 


8,730 

235 

* 

29.5* 

2 95* 

Some* 

55.0 

504 

240 

90 

6.96 

0 724 

None 


1,050 

130 

20 

15 0 

0.696 

None 


2,490 

130 

30 

32.5 

0 766 

None 


* An equilibrium velocity was not attained during the time allotted to the experi- 
ment; the viscosity continued to decrease on further working. 

t The time could not be ascertained more accurately because the equilibrium 
state was attained in the sample during the alisence of the observer. 

If the ‘‘equilibrium viscosities” of asphalts G, H, and I are compared 
at equal ranges of rate of shear, it is noticed that the harder the asphalt 
(i.e., the more it has been processed), the greater is the deviation from 
Newtonian flow. This is true even if we omit from this comparison the 
“equilibrium viscosity” values at the highest stresses, where breakdown of 
structure causes marked decreases in the “viscosities.” 

The anomalous flow properties of the blown asphalts G, H, and I were 
similar to those of the batch steam-refined asphalt F, but more pronounced. 
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No means has been found for expressing the '^degree of deviation^' from 
Newtonian flow as a ftmction of the amount of dispersed phase. In the 
first place, there is no method of expressing the amount of divergence from 
purely viscous flow. Secondly, the percentage of asphaltenes is not an 
absolute measure of the colloidality of the asphalt. Although asphaltenes 
are defined by a solubility teat, they vary appreciably in molecular weight 
and probably in composition for different types of asphalt. Also, the con- 
tinuous phase (petrolenes) may differ greatly in various asphalts. The 
natures as well as the amounts of the continuous and dispersed phases are 
undoubtedly responsible for the colloidal characteristics of asphalts. 

INFLUENCE OF TEMPERATURE ON ANOMALOUS FLOW PROPERTIES 

As the temperature increases, the high molecular weight constituents of 
asphalt (asphaltenes) become more soluble in the continuous oily phase 
(petrolenes), and a gradual transition occurs in the nature of the flow 
exhibited by the system. With increasing temperature, the elastic and 
thixotropic properties of the asphalt system, as well as its quasi-viscous 
character, are less pronounced; at a high enough temperature the system 
exhibits truly viscous flow. Table 7 presents the “viscosity^ ^ data of the 
air-blown asphalt G at various temperatures. At 55®C. this sample 
exhibited viscous flow within the range of shear rates used in these experi- 
ments. As the temperature was lowered, the anomalous flow properties 
became more exaggerated. Determinations were made at approximately 
equal ranges of rate of shear for the reason stated in the previous section. 

CONCLUSION 

The flow characteristics of asphalts are frequently complex, indicating 
that their physical structure and chemical composition are exceedingly 
involved. Some asphalts appear to be truly viscous, whereas others 
exhibit varying degrees of anomalous flow (thixotropy, age-hardening, 
quasi-viscousness, and elasticity). The magnitude of these characteristics 
depends largely on the source of the asphalt, the degree of processing, and 
the temperatures and rates of shear at which the measurements of flow are 
made. It is generally believed that the source, processing, and tempera- 
ture of test influence the nature and amount of dispersed material present 
(i.e., the colloidality of the asphalt). Of course, the rate of shear has a 
profound influence on the physical structure of the system at the time of 
measurement. The presence of flow properties which are generally char- 
acteristic of colloidal systems lends strong support to the concept that 
asphalts are distinctly colloidal. In the case of truly viscous asphalts, 
the change of viscosity with decreasing temperature is continuous and 
there is no evidence of a sudden change from a sol to a gel condition, or 
from a semisolid to a solid state, as some workers have erroneously con- 
cluded from insufficient data. 
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The gradual formation of an internal secondary structure unstable to 
heat and mechanical working has been noted in all types of asphalt, 
whether viscous or not. This occurrence of age-hardening is another con- 
clusive proof that asphalts are colloidal in nature. 

The authors are indebted to Mr. H. E. Schweycr for suggestions and the 
drawings. 
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Numerous efforts have been made to calculate theoretically the depend- 
ence of the light-scattering power of suspensions upon the size and refrac- 
tive index of the particles, the refractive index of the medium, and the wave 
length of light used. For infinitely small, non-absorbing particles in a 
non-absorbing medium, Rayleigh^s treatment (9) is generally judged satis- 
factory, but if the particle size approaches the order of magnitude of the 
wave length of light, or if the particle is colored, the theoretical calculation 
of scattering becomes much more difficult and a matter of approximation 
(1, 4, 5, 6, 8, 9, 11). On the other hand, the empirical correlation of ex- 
perimental data on light scattering with relevant physical factors has on 
the whole been unsatisfactory, owing to insufficiently accurate information 
on particle size. As a rule, investigators have had to be satisfied to assume 
their suspensions to contain particles of uniform size, although as a matter 
of fact, any artificial and practically all natural suspensions contain parti- 
cles of definitely non-uniform size. 

Fortunately, the Svedberg ultracentrifuge can under favorable condi- 
tions provide the required information, but rather involved calculations 
are required to extract the desired relations between light scattering and 
particle size, owing to the fact that the ultracentrifuge does not give directly 
a particle-size distribution. Specifically, a particle-size distribution may 
be expressed as a relationship between dc/dr and r, where dc/dr is propor- 
tional to the weight of particles having a radius between r and r + dr. 
The ultracentrifuge, however, gives the relation between d{kc)/dr and r, 
where k is the apparent absorption coefficient of a suspension of particles 
of radius r. For a suspension of colorless particles in a colorless medium, 
the ^^absorption’^ is of course entirely due to scattering, and the ^‘absorp- 
tion coefficient^' in such cases provides a measure of the light-scattering 

^ Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936, 
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power of the suspension. The relation between d{kc)/dr and r we call a 
'Veight-optical distribution,” and ance k in general varies with r, the 
“weight-optical distribution” normaUy is not identical with the true 
“wei^t distribution” curve (7). 

In this paper, a method will be described for calculating, with the aid of 
a simple mechanical product-integraph, the relationship between the 
“absorption coefficient” k and the radius from a series of weight-optical 
distribution curves. In addition, the light-scattering powers of a series 
of emulsions of constant particle-size distribution but different refractive 
index relations are reported in terms of apparent absorption coefficient k, 
and a general relation connecting the apparent absorption coefficient with 
particle size, the refractive indices of particles and medium, and the wave 
length is deduced by means of the product-integraph. 

THE PHODTJCT-mTEGKAPH AND ITS USE 

The most direct way of determining the relation between absorption 
coefficient (as a measure of light scattering) and radius for a certain kind 
of particle in a medium of specified refractive index is by the analysis of a 
series of weight-optical distribution curves for suspensions with different 
particle sizes. 

If a given weight-optical distribution be represented by the equation 

d(kc)/dr =/„(r) 

and the variation of the absorption coefficient k with r be represented by 

1/k = F(r) 

then, in general, it follows that 

r *’inax. 

/ Mr) . Fir) = 1 

»’mm. 

Each weight-optical distribution is represented by a particular fir), and 
our task is to calculate Fir) from the series of simultaneous integral equa- 
tions equal in number to the experimentally determined weight-optical 
distributions. Since the solution of such equations with the required 
accuracy is impractical by algebraic means, a mechanical product-inte- 
graph based upon the principles of a two-dimensional moment balance 
was devised for the purpose. 

The moment balance was simply a drawing board supported on a ful- 
crum and carrying a system of coordinates. The r-axis (or abscissa) coin- 
cides with the fulcrum. ThQ/n(r) functions are divided into a numbef of 
equal areas (e.g., 10) and are represented by a series of equal weights (for 
Instance, 10 g. each). Each weight is placed at the mean r value for the 
area it represents. On the left-hand side of the board, 10 cm. from the 
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fulcrum, a weight of 100 g., representing unit moment, is placed. On the 
right-hand side of the board, perpendicular to the fulcrum, F(r) is meas- 
ured along the ordinates. 

When the weights representing any f(r) are placed at their appropriate 
r-positions and their ordinates adjusted until the board balances, the 
corresponding equation of the set is satisfied, and F(r) is the curve drawn 
through the positions of the weights. Each of the experimental functions 
f(r) is put on the moment balance separately, and F(r) is adjusted until, 
by a process of trial and error, an F{r) curve is found which will satisfy all 
of the equations. The resulting curve represents the relation between 
1/k and radius, which of course can be readily converted, if desired, into a 
curve of k versus radius. With a moment balance sensitive to differences 
in moments of 0.3 per cent, an F(r) curve can be found that satisfies the 
experimental data to 3 to 4 per cent. 

A specific example of the use of this product-integraph for determining 
the relationship between “absorption coefficient^^ and particle radtus has 
previously been presented (3), and a more detailed description of the 
theory of the product-integraph is published elsewhere (2). 

THE EFFECT OF REFRACTIVE INDEX AND PARTICLE SIZE UPON ABSORPTION 
COEFFICIENT (LIGHT SCATTERING) 

Inasmuch as the light-scattering efficiency of a particle is affected by 
particle shape and is complicated by double refraction in solid particles, 
emulsions were chosen as representing ideal conditions. A stock emulsion 
of Nujol in 76 per cent glycerol containing 1 per cent of Castile soap was 
prepared and thoroughly homogenized. From this stock emulsion, a series 
of emulsions of the same particle-size distribution but with markedly 
different light-scattering properties was prepared by reduction of the re- 
fractive index of the medium by dilution with various proportions of glyc- 
erol and water. Six emulsions with the dispersion medium varying from 
15 to 76 per cent of glycerol were so prepared, corresponding to a range 
in refractive index of the medium from 1.359 to 1.444 at a wave length of 
444 millimicrons, where the absorptions and weight-optical distributions 
were measured. At the same wave length, the refractive index of the 
Nujol is 1,488. 

The weight-optical distribution curves of the six emulsions were deter- 
mined with the Svedberg low-speed ultracentrifuge in the usual manner 
and are presented in figure 1, The areas of these curves are equal to the 
light absorptions, measured also in the ultracentrifuge within an aperture 
of about 4°, with a parallel beam of incident light (see table 1). The “ab- 
sorption coefficients” are defined in the conventional way and refer to a 
suspension containing 0.01 cc. of particles per 100 cc. of suspension. 

In contrast to the case described above, the F(r) function is different for 
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each of these emulsioziS; owing to the differenees in the refractive indices, 
but the function relating concentration and radius (i.e., dc/dr versus r) is 
the same. It was found that the differences in light-scattering efficiency 



Fig. 1. Weight-optical distribution curves of series of emulsions with the same 
particle-size distribution but different refractive index of the medium. 


TABLE 1 

Absorption coefficients of Nujol emulsions 


KMITLBION 

ABSORPTXOK COBFFlCXBirr 

BMULBtON 

ABSOBPnON COXmaSNT 

NE-2A 

0.0293 

NE-2D 

0.162 

-2B 


-2E 

0.236 

-2C 

0 110 

~2F 

0 300 


as determined by the refractive indices could be reduced to a common 
denominator, as it were, by use of the dimensionless factor 

— 1 n© 

Ai. I. I , ^ , X 

m* + 2 X 

where m is the ratio (rf the refractive index of the particle to that of the 
medium, no is the refractive index of the medium, X is the wave length of 
the light u^d in vacuum, no/X is therefore the wave length of the light 
used in the medium, and r is the particle radius. This factor we call the 
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^‘relative optical radius.'^ The abscissa values of the weight-optical curves 
were converted to a ‘‘relative optical radius’’ basis. 

The ordinates of the weight-optical distributions were in turn multiplied 
by the corresponding radii. The resulting curves (figure 2) could then 
be treated in the same fashion as the f(r) functions discussed in the section 
on the product-integraph and its use, and a curve obtained with the prod- 




Fig. 2. Projected area concentration in per cent versus relative optical radius 



Fig. 3. Generalized curve relating the absorption constant of a suspension with 
the concentration, particle size, refractive indices of particle and medium, and the 
wave length. 

uct-integraph relating l/(fcr) and the “relative optical radius.” Figure 3 
presents kr versus “relative optical radius.” k in this case refers to the 
absolute “absorption coefficient” of a suspension containing 0.01 cc. of 
particles per 100 cc. of suspension measured under the specified conditions 
of illumination and angle of collection, kr we refer to as the “absorption 
coefficient per unit projected area.” 
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Fresum^ly, %ure 3 should describe the l^ht absorption for the indi- 
cated range of relative optical radius, regardless of the values of the in- 
dividuid quantities entering into the relative optical radius. Experi- 
m^tally, however, the actual range in values covered is as follows: 

r = 20 to 270 ny« 
m — 1.03 to 1.94 
no « 1.359 to 1.444 
X = 444 niM 

Further work will be required before we can be sure that the method here 
employed for correlating the various factors involved is really as generally 
valid as it now appears. 



Fio. 4. The weight-distribution curve for the series of emulsions, as calculated 
from the weight-optical curves of figure 1 and the generalized curve of figure 3. 


Figure 4 presents the weight-distribution curves for the emulsions used, 
as calculated from the experimental weight-optical distribution curves by 
means of the generalized curve of figure 3. 

The relation of these experimental results to theoretical calculations of 
light scattering will be discussed in a later publication. 
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Some years ago we found that the pores of commercial Cellophane swol- 
len in water happened to be of such size that ordinary molecules, such as 
sucrose or anthracene, passed through freely, while all known colloids 
were partially or wholly held back (5). Now we find that Cellophane, 
Sylphrap, and Viscacelle, as at present manufactured, possess distinctly 
finer pores, so that a portion even of sucrose or potassium chloride is held 
back on ultrafiltration. 

Such cellulose membranes possess the great advantage that they are 
chemically indifferent and that the same membrane can be used for a 
series of different solutions or solvents without noticeable change in poros- 
ity, provided that the transition from one solvent to another is made by 
washing through with mutually miscible liquids. Such Cellophane serves 
as a most useful test to prove the presence or absence of colloidal matter, 
or as a means of measuring the amount of crystalloid present in the col- 
loidal solution. It was very convenient that unlimited supplies of such 
uniform material were commercially available, requiring no troublesome 
laboratory preparation. Naturally, care had to be taken to obtain Cello- 
phane, etc., which had not been waterproofed in any way. 

Formerly we were interested in the problem of adjusting the size of pores 
down to finer and finer molecular dimensions, so as to separate the ordinary 
large molecules, such as sucrose or potassium chloride, from small mole- 
cules, such as methyl alcohol and water. This was readily achieved by 
deposition of collodion or viscose in the pores by filtering the necessary 
amount of their solutions through the Cellophane, thus producing mole- 
cular sieves of any desired fineness. Cellophane which has not been swol- 
len in water is practically air-tight. 

Now that commercial membranes are denser, we are faced with the oppo- 
site problem of finding some simple method of restoring them to the in- 
valuable position they formerly occupied, intermediate between ordinary 

1 Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-ia, 1936. 
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recognized molecules and the finer colloidal particles. In a paper on dye- 
ing Morton (6) reported that the permeability of Viscacelle is greatly 
increased by a treatment with sodium hydroxide. In the present investi- 
gation, we have found that solutions of zinc chloride of particular concen- 
tration are most satisfactory for' achieving our purpose. We are greatly 
indebted to the manufacturers of Cellophane, Sylphrap, and 'Viscacelle 
for samples and even for a ^cimen of Cellophane that never had been 
allowed to dry. 

The subject of ultrafiltration is not quite simple: This was well brought 
out in a vduable and careful study by Ershler (1), who studied the effect of 
stirring upon the apparent permeability of a collodion membrane.® We 
have been led to investigate ssrstematically the effects of pressure and of 
stirring upon the simplest case, that of a non-electrolyte such as sucrose. 
Other observations refer to the effect of molecular size and of the electrical 
effects with salt solutions or charged colloidal sols. We have also taken 
occasion to measure the hydration of pectin. 

I. CONTROL OB ADJtTSTMBNT OF THE POBOSITY OF CBLLT7L0SB 

MEMBRANES 

Not only is modem sheet cellulose (Cellophane, etc.) denser than form- 
erly, but, as was pointed out in previous communications. Cellophane 
swells less after aging, or at higher temperature (3). Freshly manufac- 
tured Cellophane may swell as much as threefold in thickness (not in length, 
nor more than a few per cent in width), but after keeping for several years 
it may swell to less than double its thickness. The change in thickness 
goes parallel with change in porosity. Dry No. 300 Cellophane and 
Sylphrap are 0.0009 in. or 0.023 mm. thick; this was the material chiefly 
used in the present investigation. No. 600 Cellophane, previously used, 
filters more slowly. It also retains distinctly (at least three-halves) more 
solute. 


Swelling in water 

'With a new and an older sample of Cellophane No. 600, the thickness in 
inches upon swelling in water for fifteen minutes and for twenty-four hours 
at three different temperatures was as shown in table 1. 

With No. 300 Cellophane swollen in water the dimensions were the same 
at fifteen minutes as after three hours, as shown in table 2. Thus the Cello- 
phane swollen at room temperature very slowly shrinks again at 100®C. 

The porosity and the rate of ultrafiltration also depend upon the tern- 

^ We are in agreement with his main conclusions except for a few sentences in the 
first two paragraphs of his paper in which, since his membranes were of unsuitable 
porosity and were, of course, not suitable for distinguishing between molecules and 
particles, he stated the non »equitur that Kistler’s coarse ones likewise were not. 



ULTRAFILTRATION THROUGH CELLOPHANE 


1159 


perature of swelling in water. Thus, at 200 pounds pressure, when 3 
per cent sucrose was filtered through 24 sq. cm. of filter: 


CELLOPHAKB SWOLLEN AT 

RATE OF ULTRAFILTRATION 

SUCROSE RETAINED* 

•c. 

grams per minute 

per cent 


25 

0 38 

13 


100 

0.22 

22.0 



Swelling in sodium hydroxide solution 

The porosity of membranes swollen in sodium hydroxide is dependent 
upon both temperature and concentration. In general, an optimum con- 
centration exists for each temperature, the optimum being more pro- 


TABLE 1 

Swelling of No. 600 Cellophane in water 


TREATMENT OF CELLOPHANE 

NEW SAMPLE 

(dry 0 0016 IN.) 

OLD SAMPLE 

(dry 0.0015 IN ) 

15 min. 

24 hrs 

15 min. 

24 hrs. 


inches 

inches 

inches 

inches 

Water at 0®C 

0.0035 

0 0035 

0 0033 

0 00^ 

Water at room temperature 

0.0035 

0 0035 

0.0032 

0.0034 

Water at 100°C 

0 0030 

0 0030 

0.0028 

0.0029 


TABLE 2 

Swelling of No. SOO Cellophane in water 


TREATMENT OF CELLOPHANE 

DIMENSIONS 

Original 

40 

X 76 X 0 023 mm. 

Water at room temperature (25®C.) 

46.5 X 76 X 0.051 mm. 

Water at 100®C ... 

45 

X 76 X 0 038 mm. 

Water at 100®C., then 2 days at 25°C 

45 

X 76 X 0 038 mm. 

Room temperature, then 3 hours at 100 ®C 

45 

X 76 X 0.045 mm. 


nounced and the swelling greater at low than at high temperatures. 
Membranes swollen at low temperatures are more permeable than those 
swollen first at high temperatures and then brought to lower temperatures, 
although lowering the temperature after the initial swelling does cause an 
increase. 

* For the method of calculation and definition of per cent sucrose retained, 1 — 
see part II, below. All ultrafiltrations were carried out with the apparatus previ- 
ously described, similar to that supplied by Vereinigung Gottinger Werke, Gottingen, 
with electrical stirrer, which was always used except when otherwise mentioned. 
The interior was silver-plated, and such parts as the stirrer and filter bed were 
replaced by pure silver. When electrolytes were present, the plated parts were 
coated with paraffin . Pressures were obtained f rom a cylinder of nitrogen . 
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Conversely, swelling initially at low temperatures and then heating 
causes a decrease, but not of sufficient magnitude to give the same result 
as is obtained with the reverse procedure. 

Membranes swollen in sodium hydroxide have a t^idency to become 
very brittle, especially when the swelling is large, and so are not satisfac- 
tory over a wide range of porosity. 

Neale (7) has discussed the swelling of viscose cellulose sheets and pre- 
sents a plausible theory as to the mechanism. The hysteresis effects just 
pointed out cannot, however, be explained on the basis of osmotic and 
Donnan effects. 


Swelling in zinc chloride solution 

Zinc chloride is a remarkable swelling agent in that its effectiveness is 
almost confined to the range 60 to 65 per cent. Kahlbaum’s best grade of 
anhydrous zinc chloride was employed, and analy.<ds confirmed its purity 
and freedom from water. 

Detail of procedure for swelling in zinc chloride. The membranes were 
swollen by first pouring enough of the solution into a flat dish to cover the 
bottom, then putting in the Cellophane, and finally pouring on the re- 
minder of the solution. Sufficient solution was used to cover the mem- 
brane completely, and care was exercised to prevent its adhering to the 
bottom of the dish. This was accomplished by simultaneously tilting and 
rotating the dish for the first ten minutes. A coating of paraffin on the 
bottom of the dish is desirable, but not necessary. At the completion of 
swelling, i.e., after fifteen to twenty minutes, the excess liquid was carefully 
pipetted off so as to leave the membrane lying flat. Wrinkling of the sur- 
face may lead to cracking of the membrane upon removal of the swelling 
agent. After removal of the excess liquid, water was poured in and the 
dish was rotated to speed up diffusion. After a few minutes the membrane 
was removed and washed free from zinc chloride by means of dilute hy- 
drochloric acid. The acid was then washed out with distilled water. De- 
termination of the ash left upon burning the treated membrane indicated 
that satisfactory removal of zinc had been effected. 

Effect of zinc chloride. As criteria of the extent and effectiveness of 
swelling we have used the thickness, the rate of filtration, and the per cent 
of sucrose retted when a 3 per cent sucrose solution is filtered through 
the membrane. Thickness is significant except at the higher concentra- 
tions of zinc chloride, where the surface of the membrane tends to slough 
off in layers and the softening likewise renders the result uncertain. If 
insufficient time is allowed for swelling, the sloughing may be uneven. 
Swelling for long periods instead of fifteen minutes increases sloughing. 
Sylphrap swells more than Cellophane, and its surface remains smooth. 
YiscaceUe swells less and irioughs more than Cellophane. The swelling 
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increases steadily with lowering of temperature from 40® down to 10®C., 
but 3®C. is too low for appreciable swelling in fifteen minutes. 

Table 3 shows the degree of reproducibility of swelling in particular 
concentrations of zinc chloride as judged by the rate of flow of water in 
grams per minute. 


TABLE 3 


Effect of swelling No. SOO Cellophane in zinc chloride solutions upon the rate of filtration 
of water at various pressures {pounds per square inch) 


CONCENTRATION 

OF ZnCh 


RATE OF FILTRATION AT PRESSTTRBS OF 


40 lbs 

80 lbs. 

120 lbs. 

200 lbs. 

per cent 

60 j 


0 267 

0 375 

0 558 

60 


0.285 

0 397 

0.580 

63.0 

0 467 

1 037 

1 408 


63 0 

0 450 

1.009 

1 403 


63 $ 

1 on 

1 968 

2 850 


63 8 

0.698 i 

1 298 

1 782 


64.0 j 

2.125 

4 31 

5 97 


64 0 

1.56 

3 13 

4 24 



TABLE 4 

Increase of thickness on swelling 


CONCENTRATION 

OF ZflCb 

THICKNESS OF 

Cellophane 

Sylphrap 

Viscacelle 

per cent 

tnches 

xnchee 

inckee 

Original dry 

0 0009 

0 0009 1 

0 0009 

60 

0 0030 

0 0035 i 

0 0030 

61 

0 0040 (after use 0 0036) 

0 0043 

0 0037 

62 

0 0046 

0 0054 

0 0045 

63 

0 0060* 

0 0082** 


64 

0 0060* (after use 0 0050) 

0 0080** 

(0 0055) 

65 

>0 0060 




* Increase in all dimensions; surface slightly roughened. 

** Surface still smooth after 15 minutes. However, after 17 hours the surface 
is sloughed off. 


The tliickness increases on swelling as shown in table 4. With the mem- 
branes swollen in 63 per cent and 64 per cent solution, filtration of a 3 
per cent sucrose until two-thirds or three-quarters had passed through left 
a residue not more concentrated than 3.01, 3.06, and 3.02 per cent, respec- 
tively. Likewise, 3 per cent potassium chloride and 3 per cent potassium 
iodate passed through unaltered, within the error of analysis. The Cello- 
phane swelled distinctly, both in length and breadth. The rate of filtra- 
tion for Sylphrap was about three-fifths, and for Viscacelle about two- 
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fifths that for Cellophane, but the pressure relations were timilar to those 
in table 3. The pressure of 200 pounds appears to compact tiie mem- 
branes, so that the rates are no longer proportional to the pressure, either 
with watOT or with solutions. 

The effect pressure upon the retaition of sucrose as shown in table 
6 will be discussed in part II. Figure 1 shows the pressure dependence of 
the rates for Cellophane taken from table 5. 

As is ordinarily the case with gels, the swollen membranes shrink upon 
drying and do not regain their original porosity. Experiments upon 
Cellophane which had never been dried in the course of manufacture were 
run to determine to what extent the structure might be allowed to collapse 
without this collapse becoming permanent. Accordingly, strips of the 
Cellophane were weighed, soaked in glycerol solutions of various concen- 
trations, and then dried and reweighed. The glycerol was then washed 

TABLE 5 


Effect of swelling No. SOO Cellophane in sine chloride solution upon the rale of filtration 
{R in grams per minute) and per cent of sucrose retained from S per cent 

sucrose solution 


CONCIDN- 
TRATIOM OF 

ZnCU 

THICKNESS 

PER CENT OF BUOROBB RETAINED AND RATE OF FILIfRATlON AT PRESBTTRBB OF 

40 lbs. 

80 lbs. 

120 lbs. 

200 lbs. 

Per cent 

R 

Percent 

R 

Per cent 

R 

Per cent 

R 

per cent 

inches 









0 

0,0009 

4.3 

0.06 

9.2 

0.14 

13 7 

0.20 

14.5 

0.35 

61 

0.0040 

3.7 

0.17 

5.8 

0.34 

7 1 

0.51 

7.3 

0.65 

64 

0.0060 

0.0 

1.14 

! 0.0 

2,10 

0.0 

2.62 

0.0 

3 24 

65 

1 

0.0 

1.53 

1 0.0 

3.12 

0 0 

3.97 

0.0 



out and the strips were weighed, dried, and weighed for a fourth time. The 
percentages of free space occupied by the glycerol and the percentage of 
space regained upon reswelling were calculated as follows: 

Per cent of space kept filled while dry. . 0.0 9.0 20.3 30.3 41.4 51.5 
Per cent of space regained on swelling. . 36.9 53.3 84.6 94.4 96.0 98.2 

It is apparent that essentially complete recovery of the original form 
results if 30 per cent or more of the free space is filled while dry. This 
affords a means of preserving membranes of this ts^pe, if it is necessary to 
dry them. They may be kept in glycerol solution for some time without 
change also. In water decomposition takes place after a few da 3 rB. 

When membranes were soa]f:ed in 50 per cent glycerol and then dried, 
after seven weeks the glycerol was washed out and the membranes were 
found to have retained at least nine-tenths of the previous rate of filtration 
and to have recovered from previous higher pressures. 
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The experiment also shows that the swelling process with zinc chloride 
probably does not consist merely in a breaking down of the old structure, 
but in a setting up of a new structure. That is, the gel particles have not 
been tom apart, owing to strains within the gel, but rather have been al- 
lowed to orientate in such a manner as to relieve the stress. Upon washing 
out the zinc chloride the ability to orientate is lost, and the new orientation 
becomes the preferred one. Thereafter the tendency is to return to this 
form after compression. 

The advantages of the method of preparing membranes may be briefly 
stated. Assuming that no new pores are opened, one may conclude that 



Fig. 1. Effect of zinc chloride on porosity of Cellophane, n, water; a, 61 per cent 
zinc chloride; •, 64 per cent zinc chloride; o, 65 per cent zinc chloride. 

in a series of membranes the number of pores and the relative pore sizes 
may be readily calculated from areas before and after swelling, and from 
rates of flow of water. 

The convenience of the method makes it especially applicable w'hcn only 
a few membranes of varying pore sizes are desired. 

II. THE DEPENDENCE OF RETENTION OF ELECTROLYTES AND OF NON- 
BLECTROLYTES UPON MOLECULAR SIZE, CONCENTRATION, RATE OF 
STIRRING, PRESSURE, AND OTHER FACTORS 

The retention or sieving constant (1—0) is defined by Manegold (2) as 
the constant proportion of solute held back throughout a given filtration, 
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^ being set equal to the ratio between the concentration of original solution 
and reridue for a small amount of filtration. If Xi and z» are the concentra- 
tions of successive samples of residue of solution remaining above the filter 
whose volumes are »i and »*, it is readily shown that xi/xs == (vi/vt)^, 
w^ere 0 is identical with that deduced in Manegold’s more complicated 
expression. Ret«ition will therefore be expressed as 100(1— <^) per cent. 
In all cases approximately 60 g. was placed in the filter, which had been 
previoudy rinsed with several portions of the same solution. After stand- 
ing a small sample was removed for analysis immediately before filtration 
began. The residue after filtration was also analyzed. 

Effect of size of molecule 

Table 6 is of interest in showing how ordinary Cellophane swollen in 
water discriminates between molecules of progressively larger size. At 350 
pounds pressure the rate for the first three was 0.47 g. per minute per 24 
cm.^; for raffinose at 200 pounds, 0.35 g. 


TABLE 6 

Percentage of different molecules held back by ordinary Cellophane 


•OLVTli 

INITIAL CON« 
CBNTBATION 

FINAL CON' 
CSNTBATION 

PKB OBNT 
BBTAINBD 

Glycerol (Cg) 

per cent 

2.96 

per emt 

3.02 

2.2 

Dextrose (Ce) 

2.86 

3.20 

7.0 

Sucrose (Cia) 

2.96 

3.53 

14.9 

Raffinose (Cig) 

2.96 

3.58 

18.1 


Effect of concentration, and the contrast between dedrolytes and 
non-electrolytes 

Table 7 shows how sucrose compares with a number of electrolytes, and 
also shows the enormous effect of dilution upon electrolytes first discovered 
by Ershler for collodion membranes of slightly greater porosity. All these 
solutions were filtered through the same actual piece of Cellophane at 200 
pounds per square inch, except for the viscous 48 per cent sucrose, where 
340 pounds were used. The calculation of 0 is necessarily inaccurate for 
the dilute potassium iodate, because of the change in ^ with concentration. 

Figure 2 contrasts the relative constancy of retention of sucrose with the 
great effect of dilution upon an electrolyte such as potassium iodate. Two 
hundred pounds pressure and the same rate of stirring were used through- 
out. The most dilute solution of sucrose was 0.06 per cent, where the 
accuracy of analysis is impaired. 

The high retention of very dilute electrolsdes is probably due to the 
chuges upon the walls of the pores the membrane, in accordmice with 
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the principle of Donnan equilibrium,^ the effect being suppressed by suf- 
ficient concentration of any electrolyte, as is shown at the end of table 7. 

TABLE 7 


Per cent retained, 100(1 — 4>),for a series of solutions filtered through the same piece of 

Cellophane 


DATE 

EATS 

BOLtmON 

PER CENT 
RETAINED 

December 7, 1935 

0.39 

2.94% KCl 

1.92 

December 7, 1935 

0.38 

3 01% KIO, 

1.78 

December 14, 1935 

0 33 

3.01% sucrose 

14,50 

December 34, 1935 

0.37 

6.97% KIO, 

3,66 

December 24, 1935 

0.35 

0.083% KIO, 

48. 

December 24, 1935 

0.35 

0 92% Cdl, 

3.45 

December 24, 1935 

0.29 

24 3 % Cdla 

7.55 

December 26, 1935 

0.31 

5.30% NalO, 

4.68 

December 27, 1935 

0 043 

48.23% sucrose 

8.59 

January 7, 1936 

0.27 

2.99% H 10, 

5.54 

January 18, 1936 

0.27 

3 01% sucrose 

14.16 

January 22, 1936 

0.27 

2.94% KCl 

3.57 

January 23, 1936 

0.29 

2.97% KIO, I 

4.5 

Another specimen. . . . 


0.087% KIO, -f 0 74% NaCl 

7.1 

Another specimen 


3.0% NalO, + 10% NaCl 

6.1 

Another specimen 


17 7% KCl 

0.9 




Fig. 2 Fig. 3 

Fig. 2. Dependence of retention on solute concentration, o, sucrose; potas- 
sium iodate. 

Fig. 3. Dependence of retention on porosity; retention of sucrose and of potassium 
iodate of two concentrations by membranes of different porosities, #, 3 per cent 
sucrose; o, 0.08 per cent potassium iodate; x, 3 per cent potassium iodate. 

The effect of the charge in keeping dilute electrolytes away and thus simu- 
lating a reduced size of pore may be compared with the similar effect in 

* Other influences of Donnan distribution in ultrafiltration were pointed out and 
discussed by J.W.McBain and W.McClatchie (J. Am. Chem. Soc. 66 , 1315 (1933)). 
For its suppression see reference 3. 
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dyeing. If so, the rdle of added salt in dyeing is not that of a diqtersing 
agent, as has often been suf^ested, but rather that the effective pore size 
is restored. 


Effect of varying porosity on retention 

figure 3 exhibits for sucrose and potassium iodate the effect of steadily 
increasing porosity, as measured by rate of flow at 200 pounds and 140 
in permitting more and more complete passage of the solute. It is 
evident that long after sucrose is passing completely, there is still a marked 
effect upon the very dilute potassium iodate. For higher ionic concentra- 
tion the potassium iodate curve lies wholly below that of sucrose. In 
other words, the exaggerated effect in the dilute electrolyte is a Donnan 
effect. 


Use of membranes for detecting presence of colloid 

The data in this paper clearly show that membranes must be suitably 
chosen and employed if they are to detect and measure the presence of 
colloid with certainty. It must be shown that the particular membrane is 
sufficiently porous to pass quantitatively all ordinary molecules, including 
electrolytes in which the ionic concentration is sufficiently high to suppress 
Donnan effects. In a previous communication (4) it was concluded that 
nearly saturated solutions of sodium and potassium iodates contained a 
distinct proportion of colloid. However, reexamination of the original 
records shows that the experiments assembled in that communication 
were spread over a series of years, and that although the original Cello- 
phane was indeed tested for its complete permeability to electrolytes and 
non-electrolytes, the much later experiments on the iodates had been 
carried out with a later and evidently much denser sample of Cellophane. 
There therefore remains no definite evidence for the presence of appre- 
ciable colloid in these solutions, although it may be significant that the re- 
tention of cadmium iodide in concentrated solution is twice that in more 
dilute solution. 


Effect of pressure and rale of stirring 

Ershler has convincingly pointed out that complete absence of stirring 
must soon suppress all minor differences between the composition of fil- 
trate and original solution, because of the automatic building up of the 
compmsatingly high concentration in the layer of liquid resting upon the 
upper surface of the filter. 

We extend this to point out m the data here deduced that it is tdways a 
race between the rate at whicfi the solution is beiag bodily thrust through 
and the rate at which any molecule or particle which cannot freely pass 
through all portions of the membrane is escaping from its ndghborhood. 



ITLTRAFILTRATION THROUGH CELLOPHANE* 


1167 


through electrical influences (Donnan effect), through diffusion, and 
through convection. Hence, the higher the pressure and the higher the 
viscosity, and the higher the molecular ‘weight, the greater must be the 
rate of stirring in order to allow the membrane to exhibit its selective ac- 
tion. Even for a non-electrolyte such as sucrose, these effects are in- 
triguing, as is shown in figure 4. It is quite clear that unless the pores 
are large enough to pass all similar molecules freely (1 — <> = 0), great 
care must be taken in interpreting quantitatively the retentions observed 
under the actual conditions of the filtration. 

In figure 4 it is evident that maximum retention occurs when the pres- 
sure is 200 pounds per square inch (rate of filtration is 0.44 g. per minute) 
at the fastest practicable rate of stirring, a rate faster than that for which 



RPM 

Fig. 4. Dependence of retention on pressure and rate of stirring; percentage of 
sucrose retained in filtration through ordinary Cellophane at various pressures and 
rates of stirring. Full lines refer to 3 per cent sucrose; the dashed line to 30 per cent 
sucrose at 200 pounds pressure. 

the instrument is commercially supplied. The position of the curve for 
30 per cent sucrose is predictable from the ratio of viscosities or of rates of 
filtration when compared *with 3 per cent sucrose, except at the lowest rate 
of stirring. Some of the effects are similar to those discussed in the theory 
of dependence of heterogeneous reaction upon rate of stirring. 

SUMMARY 

1. Commercial sheet cellulose is much less porous than formerly. It is 
now necessary to swell in zinc chloride solutions exceeding 63 per cent zinc 
chloride (37 per cent water), in order to make these membranes freely per- 
meable to all ordinary molecules. Further, the ionic concentration must 
be sufl&cient to suppress Donnan effects in the case of very dilute electro- 
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lytes, indudmg eoUdds. Contrary to a previous intimation, owing to this 
change in a commercial membrane there remains no certain evidence for 
cdloid in iodate solutions, although some is indicated in very concentrated 
aqueous cadmium iodide. 

2. With incompletely permeable membranes such as ordinary cellulose, 
interestii^ influences of dze of molecule, concentration, rate of stirring, 
pressire, viscosity, and diffusion are observed. 
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introduction 

In spite of their wide occurrence throughout colloid chemistry, calling 
forth many investigations, our knowledge of the mechanism of sol-gel 
transformations and of the structure of the gel state may be described as 
very rudimentary. This is particularly true in the case of the Isothermal 
reversible sol-gel transformation known as thixotropy. 

Thixotropy was first formally observed in iron oxide sols (17), but it has 
since been reported in many of the hydrous oxide sols as well as in systems 
as diverse as clay suspensions and heather honey. 

For a complete exposition in English of the work on thixotropy we refer 
the reader to a recent comprehensive monograph by Freundlich (3). 
Pryce- Jones (11) offers a much shorter review^ in connection with his stud- 
ies on the thixotropy of paint. 

The characteristic property of a thixotropic system is an increase in its 
viscosity with time, immediately following mechanical action upon it, all 
other conditions being constant. Loosely speaking, as long as the system 
retains those properties ordinarily ascribed to a liquid, it is considered a sol 
and when it becomes more or less rigid, owing to its constantly increasing 
viscosity, it is termed a gel. The exact meaning to be attached to the 
terms ^'sor' and ‘‘gel” will be discussed in a future paper in this series. 

Since this isothermal transition from sol to gel appears to be continuous, 
and since the only difference found to date between sol and gel is mechani- 
cal, it is reasonable to conclude that during the period of gelation some 
type of structure with mechanical resistance to shear is being built up out 
of the constituent particles of the sol. This picture would postulate a 
two-phase system, but the type of structure and its mode of formation are 
subject to discussion. 

^ Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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Despite the fact that the chief difference between sol and gel is mechani- 
cal and is due to the formation of a structure of some kind out of the con- 
stituent particles, there has as 3^t been no systematic investigation of the 
effect of particle size upon thixotropy. The importance of this variable 
has been recognized by Freundlich (3), Russell (12), and Bradfield (1). In 
idealized form, an investigation of the effect of particle size upon thixo- 
tropy should start with a polydispersed system which exhibits the phe- 
nomenon, separate the particles into several fractions depending upon their 
size, and determine the velocity of the sol-gel transformation upon each 
particle-size fraction at various values of concentration of the dispersed 
phase, concentration of electrolyte, pH, temperature, etc. The results 
should be of importance in furthering our interpretation of the mechanism 
involved and in picturing the final structure. It is the purpose of the pres- 
ent series of articles to describe such an investigation. 

The system chosen should first of all exhibit thixotropy to a high degree, 
exist over a suitable range of particle sizes, and be very stable and revers- 
ible, showing a minimum of aging effects. No other system meets these 
requirements to the same remarkaWe extent as the clay mineral bentonite 
of the Wyoming variety. 

It became apparent at the start that the initial phase of the investigation 
would have to concern itself with the development of a rational method 
for separating a polydispersed system into various particle-size fractions 
and in turn measuring the distribution of particle sizes in each of these 
fractions, since no satisfactory method is available at present for such a 
fractionation in the colloidal range. The remainder of the present paper 
will describe the method which has been developed for this purpose, and 
following papers in the series will disclose experimental results and discuss 
their significance to thixotropy and gel structure in general. 

PBBVIOUS MEASUREMENT OF PARTICLE-SIZE DISTRIBUTION CURVES 

Although a dozen or more methods may be used to determine absolute 
particle size in a polydispersed system (4), sedimentation rate and sedi- 
mentation equilibrium methods are the only ones known for determining 
the form and value of the particle-size distribution function in a given 
suspension. 

Od^n (10) gives the most elaborate description of sedimentation methods. 
Unfortunately these become increasingly difficult to employ as the dis- 
persed phase approaches colloidal size. Svedberg and Estrup (15) meas- 
ured particle-size distribution directly in the ultramicroscope by noting 
rates of fall, but such a method is tedious and needs the questionable 
assumption that all particles are visible. Westgren (18) combined sedi- 
mentation rate with sedimentation equilibrium and presented distribution 
curves on gold sols, but his measurements were complicated by imavoid- 
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able diffusion effects. The basket-type centrifuge used by Marshall (7) 
to determine distribution curves by essentially the same procedure used in 
gravity fields cannot exert a strong enough field to settle colloidal particles 
with equivalent spherical diameters of less than 100 m/z. 

Ultracentrifugal methods as developed by Svedberg and associates (16) 
are probably the best methods in use at the present time for determination 
of the distribution function by sedimentation rate or sedimentation 
equilibrium methods. Unfortunately, the equipment is complicated and 
so expensive that at present it is enjoyed by but few laboratories in the 
whole world. A further disadvantage of the ultracontrifuge in the present 
instance is that it possesses no capacity for making fractionations upon a 
large quantity of material. McBain (8) has recently been developing the 
air-driven spinning top as an ultracentrifuge, but while this device is less 
expensive than a Svedberg machine, it appears to possess no capacity for 
fractionations. 

Of all standard centrifuges on the market the so-called supercentrifuge 
alone possesses the ability to settle out the finest particles in colloidal sols. 
Although the supercentrifuge has been used before in colloidal research in 
clays, notably by Moore, Fry, and Middleton (9) and Bradficld (2), it has 
never been adapted to the quantitative measurement of distribution curves. 
Lenoir (6) investigated the use of a laboratory supercentrifuge of the 
Sharpies type for this purpose. The Sharpies machine is reasonably 
priced, and if a technique of evaluating the distribution function by its 
use could be developed, a valuable tool would be available to many workers. 
A further advantage of the supercentrifuge in the present instance is its 
adaptability to fractionations. Lenoir^s results indicated that the super- 
centrifuge had possibilities, but, owing to certain theoretical objections to 
his calculations, his distribution curves are only of relative significance. 
While retaining the essential features of the Lenoir experimental tech- 
nique, the present authors have developed a new method of calculation. 

DEVELOPMENT OF THEORY UNDERLYING THE USE OF THE SUPERCENTRIFUGE 
IN DETERMINING DISTRIBUTION CURVES 

The most convenient method for describing a polydispersed system of 
spherical particles is that proposed by Od6n (10). In a given weight of sol 
let there be T grams of dispersed phase. Since these T grams consist of a 
great many sizes we can in general plot a curve of percentage of total weight 
(P) of particles of size below a given diameter (D) against that diameter. 
Figure 1 represents a system, the largest particle of which is Dmax., 100 per 
cent of the total weight of dispersed phase being below this diameter. It 
is often more convenient to represent the system by a curve obtained by 
plotting a new function f{D) against D where f(D) is defined as dP/dD 
obtained as the slope of the curve in figure 1. Figure 2 represents the same 
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e 3 mtem as figure 1, with the distribution function dP/dD plotted against 
D. The area under this ciirve on figure 2 between Dj and Dt represents 
the percentage of a given wei^t of dispersed phase having diameters be- 
tween Di and Dj. The differential percentage of total weight having a 


given diameter D is dD taken at the value of D in question, and the 

/dP\ dD 

weight of particles having a given diameter D is Ti^j In dealing 


with anisotropic particles such as are met in the case of clays, the concept 
of “equivalent spherical radius” must be employed. The geometric sig- 
nificance of this equivalent spherical radius has been described for the 
important case of discs by L. Squires and W. Squires (13), and found to be 
a function of the diameter and thickness of the disc. The significance 
of this anisotropy in the present work will be discussed in a later article. 




Fio. 1 Fig. 2 

Fio. 1. Representation of a system, the largest particle of which is Danx., 100 per 
cent of the total weight of dispersed phase being below this diameter. 

Fiq. 2. Representation of the same system as in figure 1, with the distribution 
function dP/^ plotted against D. 


The supercentrifuge consists of a balanced vertical bowl coupled to an 
electric motor drive. Figure 3 is a schematic cross section of the bowl, 
emphasizing the essentials of the flow. The suspension is fed into the 
rapidly rotating bowl at the point marked “liquid feed”. It then passes 
two straightening vanes at right angles to each other and flows up the sides 
the bowl in a film and out of the bowl over the edge of the weir marked 
“exit”. The thickness of the film on the walls is determined by the diame- 
ter of the weir at the top. 

Under the influence of centrifugal force the particles settle out onto the 
walls of the bowl, which* are covered with a removable celluloid liner. 
When a convenient amount of suspension has flowed through the bowl, the 
feed is cut off and the liner removed. The settled particles are scraped off 
at definite distances up the bowl and weighed. From these data, and 
knowing the rate at which the suspension was fed, the rotational velocity 
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of the bowl, the temperature, the densities of the dispersed phase and dis- 
persing medium, and the dimensions of the bowl, the distribution curve for 
the suspension is calculated. 

Figure 3 also shows the path of settling of the particle. In general this 
will be a curve, since the particle has a velocity parallel to the axis of rota- 
tion due to the flow through the bowl and a velocity perpendicular to the 
axis of rotation due to the centrifugal force. Any particle p of diameter D 
starting to settle at a distance of Xo from the axis of rotation will come to 
rest upon the wall of the bowl at some definite point A at a distance y from 



Fig, 3. Section through supercentrifuge cylinder 

the entrance. Under constant settling conditions (temperature, angular 
velocity of bowl, rate of feed) the relation between Xo, y, and D is definite 
and may be expressed as 

F (Xo, y, /» = 0 (1) 

or Xo = <> (2/, D) (2) 

It is important to note that any particle similar to p starting to settle at 
some larger value of Xo (i.e., at a point nearer the wall) will settle out on 
the wall at some point Ai before point A is reached. On the other hand, 
a particle similar to p starting to settle at a smaller value of Xo will come 
to rest at some point As beyond A. 

If the suspension contains a number of particles, N />, similar to p flow- 
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ing into the bowl, and if we consider the suspension uniformly mixed at 
the time settling begins, the number of these particles which have 
settled out onto the wall before point A is reached is given by the product 
of Nd and the ratio of the total volume of suspension flowing across the 
area enclosed by the concentric circles of radii Xo and Rt to the total 
amount of suspension fed into the bowl. 

K = Nn f ttdA = Xj, / *’ u2rXodX« (3) 

Jxo Jx, 

Q Q 

A — cross-sectional area of film in square centimeters, 
u =: local velocity of flow parallel to the axis of rotation at any 
point Xo in the fiOim in centimeters per second, 

Q = volumetric rate of feed in cubic centimeters per second, and 
Rt = radius of the bowl less the thickness of the celluloid liner. 

The weight of the particles settled out is proportional to their number 
so that 

TFc = Fa r’«2,rXodXo (4) 

Jx, 

Q 

where Wo is the weight of particles similar to p which have settled out 
onto the wall and Wd is the total weight of particles similar to p which 
have flowed into the bowl. 

Consider now feeding into the centrifuge T grams of a polydispensed 
system the distribution function of which is known. Then up to any point, 
y, on the liner, that portion of the cumulative weight due to particles of 
diameter D similar to p which have settled out will be; 

^ (5) 

dD/ 100 


F; = T 




w27rXodX’o 

Q . 


The total weight due to particles of all diameters settled out up to a 
point y will be denoted by Wky) and is equal to the sum of the Wjy terms 
due to every particle size. 

Fw- S S 


f M2TXodXo /ftx 

hi \dD/ 100 

Q 


Hie summation can be expressed as a definite integral 

I /(f)) 


Fw, 



j t£2trXodXo 
Jxo 


1 Q } 


100 


dD 


(7) 
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In this equation Xo is calculated as a function of D at any value of y 
by equation 2. 

Having obtained experimentally values of W at \'arious values of 
knowing w as a function of Xo, and knowing the form of <t> in equation 2, 
we can establish the form of /(D) from this integral equation. 

To simplify the first calculations it was decided to neglect the effect of 
variation in the local velocity of flow of the suspension over the cross sec- 
tion of the film at the entrance to the bowl, but to take this into account 
when considering the settling path of the particles. 

As equation 3 stands it is perfectly general and would apply to any kind 
of a velocity gradient found in the film. With the simplification mentioned 
will be given by the product of Xd and the ratio of the area enclosed 
by the concentric circles of radii Xo and E 2 to the total cross-sectional area 
of the film. It may be seen that the result expressed in equation 8 is 
equivalent to assuming that at the entrance to the bowl where settling 
starts a constant amount of dispersed phase flow’s across every increment 
of area. Under these conditions equation 3 reduces to: 



w’here Ri = inner radius of liquid film. Where equation 7 reduces to: 


W 


iv) 


pi _ Xll VfiD)' 

- /juLTooJ 


dl) 


(9) 


No success was experienced in trying to obtain /(/)) from this equation 
in an analytically rigorous manner, the necessary transformation being 
unknown to mathematicians. Fortunately the form of solution may be 
approximated to any desired degree of accuracy. As.sumc that the sus- 
pension is made up of particles of diameters Di, Di, D 3 . ■ ■ D„, each of 
fractional amounts Fi 4- F 2 + Fs -f . . . F„ = 1. Then at any value of y, 
for example yi, we know W{y) and can evaluate <t>{y, D) for every value of D. 
W{y) may be taken at n different values of y because there are n dif- 
ferent diameters Dj, Ds, . . . D„. Thus we have at all values of y 


T 



Rl - Rl 



— (.Vi ) 

Ri -li\ 


F 2 


+ 


'Rl - <t>- Oh, D 


d2 1>2 

It 2 — 


if 


F„ 


( 10 ) 
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T 


T 



Bj - Bj J ' L Bl - B? J 


Ft 


' B| -^(y>,£>,n 

. BJ - B! J 


F„ 


B| — (y« , A) *] r, , B* — ^ (y«, Dg) ~| 

B|-B! J Rl-Bl J 


Ft 


[ Bl -i.Hyn,Dn) l 

L Bi - BJ J 



The unknowns in this set of n simultaneous equations in n unknowns are 
the fractional values which can be determined, Fi, F 2 , Fs, etc. Knowing 
the fractional amounts of all particles present we can plot a curve similar 
to figure 1 and from it determine the distribution function. In practice 
it is possible to get a first approximation to the true value of the distribu- 
tion function by considering the system as being composed of some small 
number of particles, for example, five. The set of five equations which 
can then be written can be solved for the fractional amounts of each of the 
particles and figures 1 and 2 constructed. The fonu of the distribution 
function is then varied until it gives values of W at every value of y corre- 
sponding to the experimental data. If the form of f{D) is known, W at 
any value of y is calculated from equation 7 by graphically evaluating the 
corresponding line integral over all values of D, 

To evaluate W at any value of y by this method of graphical integra- 
tion, it is necessary to plot values of the quantity 

\ Rl ^^Hy.D) V{D) 

L R\^E\ J 100 


against D for all values of D. The area under this curve is proportional to 
W at the value of y in question. 

It is recognized that the solution proposed is in fact one of successive 
approximation. Assumption of the suspension's being composed of a small 
number of different particles and solution of the corresponding equations 
simply provides a rational method of making a first approximation as to 
the form of fiD), The labor involved in solution of the above integral 
equation may be considerably shortened if a proper integrating machine 
is available. 

It remains now to show how the form of the function </> is derived. The 
necessity for and physical meaning of the equation Xo « D) has been 
discussed above. Before the form of the equation may be determined, 
we must know the nature of the velocity components of a settling particle 
both parallel to and perpendicular to the axis of rotation. 
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It is first necessary to establish the type of flow of the suspension itself 
through the centrifuge. The film of liquid suspension moves up the walls 
of the bowl by virtue of the hydrostatic head, due to the fact that the film 
is slightly thicker at the bottom than at the top. At the high speeds of 
rotation and low rate of feed, it can be shown that this difference is neg- 
ligible and that no great error will result if the suspension is considered to 
flow' up the walls of the bowl in stream-line flow with the stream lines 
parallel to the axis of rotation. On this ba.sis it is possible to describe the 
velocity component parallel to the axis of rotation of a particle settling 
at any distance from the axis of rotation. The derivation follows that of 
Lamb (6) with the exception that the boundary conditions for integration 
are those of a concentric film of fluid rather than a solid tube of fluid. The 
final equation is 


dy 

dt 


= VK, 


RUn^ + 


Rl 




( 11 ) 


In this equation dy/dt is the velocity parallel to the axis of rotation at any 
distance X from the axis of rotation. V is the average velocity over the 
cross section of the entire film calculated from the relation 


Q 




( 12 ) 


where Q is the volumetric rate of feed. 

Ki is a function of the construction of the bowd and is given by: 


Ki = 


Rl - Rl 


3^ + ^ _ RlRl-R\ ln|l 


(13) 


i?2 


It reeognizod that this idealized picture of the flow may be complicated 
by end effects in the bowl used in the present work, where the ratio of 
length to diameter was about 10. An experiment was performed to sec 
the magnitude of these end effects. 

Essentially, the experiment consisted in filling the centrifuge bowl with 
salt solution and at a definite time starting to feed in at a definite rate 
sodium hydroxide solution of the same density and of known normality. 
Samples of the effluent were taken at various times and titrated with 
standard hydrochloric acid to determine their sodium hydroxide content. 
A curve of total equivalents of sodium hydroxide flowing out versus time 
was then plotted and compared with the theoretical curve calculated on 
the basis of the above velocity distribution. The results indicated good 
agreement between theory and experiment. 

By designing a centrifuge bowl especially for this work, such errors could 
be eliminated still further. 
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The velocity component perpendicular to the axis of rotation is given 
by Stokes- law (14) : ' 

dX .... 

dT “ ~W~ 

where Ap is the difference in density between dispersed phase and dispersing 
medium, w is the angular velocity of rotation, and n is the viscosity of the 
dispersion medium at the temperature of settling. 

Dividing equation 11 by equation 14 we obtain the slope of the settling 
curve for any particle at any point. We obtain: 


dy _ ISijFlC, 
dX D^Apu^X 


- -^2 



(15) 


During any one run at constant values of ij. V, and <o,'we may integrate 
this equation for any value of D between the limits : 


y = 0 X = X„ 

y = y X = Ri 


since the particle ha^ just come to rest upon the wall at some point y. 
Integration gives: 


l^VKxVRl 
w^ApD^ L 2 




(16) 


If the rate of feed, temperature, and velocity of rotation are kept con- 
stant, this equation is of the form 


= 4>{y, D) 


( 2 ) 


but is unfortunately implicit in Xo, for which we wish to solve. Solution 
of equation 16 for Xo may be accomplished either through a family of 
curves or by representation on an alignment chart. 

An error in equation 16 arises in the variation of the term Rt, owing to a 
layer of particles building up on the wall. This is minimized by using 
only a small amount of suspension in any one run and thus building up a 
relatively thin layer of particles. The average deviation of Rt from its 
value represented by the diameter of the bowl less the thickness of the 
removable liner is very slight. 

The method which has just-bi^n described is well suited for making a 
particle-fflze fractionation upon a polydispersed system like bentonite and 
measuring the distribution curves <rf the resulting fractions. 

The solid line in figure 4 represents the experimental data in a run upon 
a sample of bentonite from which all large particles had been removed by 
gravity settling over a period of three months. The distribution curve 
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calculated from these data is shown as the solid curve in figure 5. The rate 
of feed was held constant during the run to a value of 7.5 cc. per minute 
by a constant-level siphon. A total of 282 cc. of suspension of concentra- 
tion 0.46 per cent were fed through, followed by 300 cc. of distilled water. 
The centrifuge was operated at a speed of 20,200 r.p.m. (to = 2115 radians 
per second) measured by a stroboscope. Speed control was by voltage 
regulation and the temperature was 21.5®C., corresponding to a viscosity 
of water of 0.009695 poi.se. The density of the bentonite was determined 
by a pyknometric method as 2.8. This figure, however, is subject to 



Fio. 4. Data used in calculating distribution curves 

1. monodispersed system; D = 35m/t. 

2. polydispersed system isodistributed between D = 12.5 m/t and D = 90 

niMifiD) = 1.29 X 10». 

3. polydispersed system isodistributed between D = 12.5 m^ and D ■= 

48.8 mMl /(D) “ 2.75 X 10'. 

4. — monodispersed system; D = 25 rofi. 

5. experimental curve; run No. 4. 

6. monodispersed system; D = 15 m^. 

revision, as work is in progress to determine the density under settling 
conditions more accurately. In the present machine Ri = 1.07 cm. and 
Rt = 2.117 cm. 

At the conclusion of the run the liner was removed from the bowl and the 
precipitate allowed to dry. The precipitated clay was then scraped off at 
definite distances from the bottom of the liner, dried in an oven, and 
weighed in ground glass stoppered weighing bottles. Curve 5 of figure 4 was 
plotted from these data. 

The condition imposed upon the distribution function calculated from 
these data is that integration of equation 7 over all values of D at any value 
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oi y, for example yi, must give the experimentally determined value of W, 
that is Wi, at yi. Figure 6 shows such a graphical integration at the point 
y SE 10 cm. The area under the curve is proportional to the total weight 
of particles W{y) which settled out on the liner up to y «> 10 cm. The 
proportionality factor is T, the total weight of dispersed phase fed into 
the machine during the run (see equation 7). 



Fig. 5. Distribution curve calculated from curves of figure 4. P — per cent of 
sample by weight having diameters below D. 



Pig. 6. Evaluation of line integral over /(D) at y — 10 cm. 

Area JT at y •« 10 cm. 

The distribution curve shows that the majority of the particles in this 
hUlbiy colloidal bentonite have equivalent spherical diameters, the naiajority 
of which range from 15 to 35 mp with both larger and smaller sizes present. 
For comparison calculated curves are presented showing how the experi- 
mental data should have looked if the distribution function had taken one 
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of the other forms indicated. Corresponding curves on figures 4 and 6 
are represented by the same number. 

• By systematically centrifuging samples similar to the one whose distribu- 
tion curve is shown, as well as those heavier portions taken off by gravity 
settling, a series of fractions of different average particle sizes will be 
obtained for the gelation tests. 


CONCLUSION 

In connection with a new series of studies regarding the effect of particle 
size on thixotropy and gel structure in general, it was necessary to develop 
a new method for making particle-size fractionations and measuring parti- 
cle-size distribution curves of systems existing in the true colloidal range 
of matter. The new method employing the supercentrifuge has been 
described and should prove useful in many lines of colloidal research, since 
it employs relatively inexpensive equipment compared to other methods 
in use at present. 

Future improvements in the accuracy of this method will probably have 
to come in the design of a supercentrifuge especially adapted for measure- 
ments of particle size. At the present time the purpose was to develop the 
theory necessary to the measurement of distribution curves in truly col- 
loidal systems with a machine standard on the market and well within the 
financial reach of many laboratories. It is felt that the general theory as 
embodied in equation 7 is satisfactory, and that curves obtained with the 
present machines are reasonably accurate. Future experimental work now 
in progress will show to what extent the simplification introduced by equa- 
tion 8 is justified. Finally it must be remembered that the superceiitrifuge 
is the best means available at the present time for making rational particle- 
size fractionations in systems containing the very finest colloidal particles. 
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ADSORPTION OF IONS AND THE PHYSICAL CHARACTER 
OF PRECIPITATES. II 

Ferric Oxide and Bentonite Precipitates^ 

G. E. CUNNINGHAM, H. E. GABLER, and W. S. PEA( HIN 
Department of Chemistry ^ Clarkson College of Technology ^ Potsdam^ New York 

Received June 11, 1936 

Among the various factors which influence the physical nature of a 
precipitate, the specific effect of adsorbed ions is often one of the most 
important. The importance of choosing the proper medium for the for- 
mation of precipitates in analytical work is too familiar to require discussion 
here. 

The experiments here recorded were suggested by previous observations 
made by Cunningham in collaboration with Weiser (5) on sulfur precipi- 
tates formed by salting Oden’s sulfur sol. Stingl and Morawski (4) and 
Od^n (3) had recorded various salts as giving precipitates ranging macro- 
scopically from gelatinous through flocculent, slimy, and fine-grained to 
[dastic in character, depending upon the precipitating ion used. The 
work of Weiser and Cunningham showed that, in the last analysis, these 
precipitates were either gelatinous or non-gelatinous, (h'pcuiding upon the 
degree of hydration of the ions adsorbed. In the case of the formation of 
jdastic sulfur, the neutralizing ions did not carry with them sufficient pro- 
tective' water to prevent complete coalescence of the particles. In the 
case of a g(datinous precipitate, the neutralizing ions not only carried suffi- 
('iciiit w^at('r to form a protective (joating about the micelles and prevent 
(contact of sulfur to sulfur, but the protective w^ater at the same time 
usually acted as an adhesive, loosely binding the precipitated particles 
together. Ions of intermediate hydration gave intermediate types of 
precipitates. 

Weiser and Cunningham made motion pictures- through the ultramicro- 
scope which showed the outflow^ of dense, adsorbed water into ordinary 
supernatant water as a slightly adsorbed, highly hydratcid ion was dis- 
placed by a highly adsorbed, slightly hydrated ion added to the super- 
natant liquid. At the same time the sulfur micelles usually coalesced, 

^ Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 

* Presented at the Sixth Colloid Symposium, held at Toronto, Canada, June, 1928. 
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forming a particle of plastic sulfur very much smaller than the original 
clump. In an extreme case, the shrinkage was to less than 0.6 per cent 
of the origiiutl volume. 

Some views taken from the motion pictures are reproduced from the 
original article (5) in figure 1. 

In view of the results obtained with sulfur, it seemed reasonable to expect 
that precipitates of substances not exhibiting the coalescing tendency of 
amorphous sulfur would be more or leas gelatinous, depending upon the 
degree of hydration of adsorbed ions. Since the bulk of the sulfur clumps 
varied so greatly with the amount of adsorbed water, it seemed feasible 
to compare various precipitates on a basis of their bulk. 



»V <iV / 



Fig. 1. Ultraniicroscopic views of the shrinkage of sulfur clumps on displacing a 
slightly adsorbed, highly hydrated ion by a highly adsorbed, slightly hydrated ion. 
A, Li’’’ displaced by K+; B, Li+ displaced by ("s^; C, Li"^ displaced by Ba"**^. 

The effects of varying both positive and negative adsorbed ions on both 
a positive colloid, ferric oxide, and a negative colloid, bentonite, were 
studied* 

EXPERIMENTAL PROCEDURE 

For the purpose of forming the precipitates under uniform conditions, 
the Weiser mixing device (6) ^as used in all cases. This device consists of 
a smaller test tube sealed in the bottom of a larger one. One of the two 
liquids to be mixed is placed in each compartment, the larger tube is then 
stoppered, and the apparatus is shaken quickly and vigorously. 






















NH;U Na* k: Sr Ba"U' Sr*’ 6a' de”MiCi/”6c’M9’’Cd’ 

Fig. 3. Comparison of the bulks of ferric oxide precipitates obtained by varying the 

stabilizing ion 


volumes were not recorded, but the capacity of the test tubes of the size 
used is about 1 cc. per 6-nun. depth. The data are recorded in the charts, 
figures 2 to 5. 

The individual procedures are described more fully in the following 
paragraphs. 
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Ferric oxide precipitates 

Method L Each precipitate was formed separately by placing 1 cc. of 
N ferric chloride in the inner compartment of the mixing device and 1 cc. 
of N sodium hydroxide plus 15 cc. of a normal solution of the salt supply- 



Fig. 5. Comparison of the bulks of bentonite precipitates obtained by varying the 

stabilizing ion 


ing the ion to be studied in the outer compartment. The calculated mass 
of the ferric oxide was in each case 0.036 g. The results are indicated in 
figures 2 and 3. 

Method 2. A ferric oxide sol was prepared by adding 100 cc. of N so- 
dium hydroxide to 900 cc. of § iV ferric chloride, while stirring. This pro- 
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cedure resulted in a ferric oxide sol in 0.5 N ferric* chloride. The sol was 
dialyzed for ten days, until the dialyzate, on evaporation to one-tenth its 
volume, showed no test for chloride. 

To form the precipitates, 2-cc. portions of this sol were placed in the 
inner compartment of the* mixer and 15-cc. portions of N salt solutions 
were placed in the outer compartment. By evaporation of 25-cc. portions 
of the sol, it w^as found that the mass of solid contaiiu'd in 2 ec. of sol w as 
0.045 g. The results are indicated in figures 2 and 3. 

All the values plotted in figures 2 and 3, for ferric oxide precipitates, 
were measured after the precipitates had been standing six months. 

Bentonite precipitates 

A bentonite sol was prepared by adding 4 parts of powdered bentonite 
to 100 parts of boiling water, with stirring, and allowing to stand at least 
two days before using. To form the precipitates, 10 cc. of sol and 10 cc. 
of 2 A salt were mixed in the mixing device. Each precipitate contained 
0.4 g. of bentonite. The results are indicated in figures 4 and 5. All 
bentonite pro(*ipitates stood at least two days before being measured. 

DISCUSSION OF RESULTS 

There is no good agreement among various workers or methods as to 
the actual degree of hydration of ions. In fact, there is some disagree- 
ment as to their order of hydration. Recent investigators (1, 2) have 
claimed that the degree of hydration is a linear function of the electro- 
static charge on Ihe ion. In general, the degree of hydration decreases as 
the atomic weight increases, for the ions of elements in a given family in 
the periodic classification. 

As far as possible, the ions in the charts (figures 2 to 5) have been grouped 
according to the periodic classification. Runs plotted on vertical depth- 
lines tied together by horizontal tie-lines were made simultaneously. 
Results not tied together by horizontal lines in the charts are not to be 
compared with one another for the reason that, since they were made at 
different times, the sols were in different stages of ageing. 

With ferric oxide, the bulks of the precipitates obtained with halogen- 
containing ions by the first method (metathetical formation of ferric oxide 
in the presence of various salts) were in the order Cl“ > Br~ > I" and 
CIO7 > Br07 > 107. By the second method (salting out the dialyzed 
sol), the order w^as Cl”* > Br“, I~, and CIO 3 > Br07 > IO7. In each 
case the order is as predicted. 

The bulks of the ferric oxide precipitates obtained by the first method 
with the divalent ions studied were in the order Cr07””, Cr207 ”> WO7” 
> S07~. By the second method, the order was Cr07~, Cr207"~ >S07“ 
W07~, the order of S07“' and WO7'" being reversed. No information 
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was available to the authors as to the findings of other workers with regard 
to the hydration of these ions. 

The bulks of the ferric oxide precipitates obtained with various cations 
by the first method were in the order Ba"^+ > Sr"^'^", Ca'^'^ and Mg'^+ 

> Cd++ > Be++ By the second method, the order was: Na*^ > Li"^ 

> NHt; Ba-^+ > Sr++, Ca'+-+; Cd++ > Mg++ > Be++. With the ex- 
ception of the case Mg-^"^ > Cd++ by the first method, the positions of 
the ions in these series are all the reverse of those expected on a basis of 
their positions in the periodic classification. However, since ferric oxide 
is a positive sol, these are stabilizing ions, and the heavier ions are much 
more highly adsorbed than the lighter ones. It is believed that the heavier 
stabilizing ions are so highly adsorbed as to bring about the adsorption of 
a sufficiently larger quantity of negative precipitating ions to account for 
the increased bulk of the precipitate. No attempt has been made to prove 
this hypothesis but, in the absence of evidence to the contrary, it seems 
reasonable. 

With bentonite, a negative sol, the bulks of the precipitates obtained 
with various cations were in the order: Li+ > Na^ > K+; Mg++ > Ca^*^ 

> Zn++ > Be++ > Cd^-* ; Ca^+ > Sr"^^ > Ba+“^; and Mn-^^ > Fe”^*^ 

> Co“^+. With the exception of Be“^"^, these ions all fall in the order 
predicted. 

The bentonite precipitates obtained in the presence of various stabilizing 
ions ran in the order NOJ > NO 2 > Cl“ and Cl““ > Br"^ > 1“ > SC^N”. 
As far as predictable from the periodic classification, the positions of these 
ions are in agreement with the theory. 

In practically all the above cases, the order of the ions is in agreement 
with the familiar Hofmeister series for their effect on the swelling of gelatin. 
That is, those ions which, in these experiments, gave precipitates of least 
bulk are the ones which make gelatin the least gelatinous, or most fluid, 
and vice versa. The indication is that in the case of the thinner gelatin gel 
there is less bound water and more lubricating water than in the thicker gel. 

The results of these experiments could not be duplicated with arsenious 
sulfide sol, for the reason that the arsenious sulfide itself is not gelatinous 
enough to give precipitates of sufficient bulk to show the differences in bulk. 
This does not mean that the adsorbed ions have no effect on the character 
of the micelles, however. 

It is hoped that the results of these experiments may be found of practi- 
cal use in the control of the nature of precipitates and the consistency of 
pastes. 


SUMMARY 

1. A study has been made of the effect of adsorbed ions on the bulks of 
ferric oxide and bentonite precipitates. 
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2. The bulk of the precipitate is symbatic with the degree of hydration 
of the adsorbed ions. 
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COACERVATION OF AMYLOPHOSPHORIC ACID AND 

PROTEINS* 

P. KOKTS 

van’ll Hoff Laboratory, University of Utrecht, Utrecht, Holland 
Received June 11, 19S6 

When hydrophilic* colloids of opposite cdectric charge are mixed in 
solution, separation of a complex may be observed over a range of con- 
centration of the components. In most cases this complex is of a liquid 
nature, separating out in the form of mi{*roscopic droplets. After some 
time these drops may unite to form a viscous licpiid layer at the bottom of 
the container. This phenomenon has been observed before, but its under- 
lying principles have been recognized lately by Bungenberg de Jong and 
Kruyt (3, 1), who have given the name ^^coacervation^^ to this separation 
of a liquid phase from solutions of hydrophilic colloids ('Complex coacer- 
vation” when two or more colloid components are involved). They 
assume that the difference in sign of the charge causes the micelles to 
approach, their double layers partly dis(*harging each other. Owing to 
this approach the outer and less firmly bound water of hydration will be 
removed, but ultimately the approach will come to a halt, when the force 
of attraction, due to the contrast in charge, will be balanced by the resist- 
ance of the more rigidly bound w-ater of hydration. They therefore con- 
sider the resulting droplet to be a congUmierate of positive and negative 
micelles which remain individually next to each other, each retaining part 
of its w’ater of hydration (acervus — swarm, heap). They showed that this 
phenomenon occurs generally in solutions of hydrophilic colloids, even 
when only one colloid is involved, the opposition in charge being located 
in this case on one and the same surface (either naturally as in the proteins 
or brought about artificially by adsorption of polyvalent ions of a charge 
opposite to that of the colloid). 

From measurements of viscosity it could be shown that partial de- 
hydration takes place, the viscosity of the mixtures of the twH) colloid 
solutions being considerably lower than that calculated from additivity. 
On the other hand, these authors show^ed that every influence wdiich 
diminishes the electric charge of the micelles and therefore lowers the 
attraction of the colloid particles, prevents the formation of the coacervate 

* Presented at the Thirteenth Colloid Symposium, held at St. Louis, Missouri, 
June 11-13, 1936. 
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or disperses the complex again after it has formed. As two opposite 
potentials are involved, this influence is found for both cations and anions, 
the concentrations required being lower the higher the valency of the ion 
(double Schulze-Hardy rule). 

These coacervates may separate out in any form ranging from a fairly 
liquid fluid to a more or less plastic mass. The better the opposite charges 
are balanced, the higher the contrast in charge, and the greater will be the 
mutual dehydration. On the other hand, the effect of the attraction can 
be increased by the addition of dehydrating agents. It was found by 
these authors that the tendency of a hydrophilic colloid to enter into coacer- 
vation depends on its density of charge. Nucleic acid, having a high 
density of charge, combines readily with other biocolloids, and the resultant 
coacervate is highly resistant to electrolytes. No coacervates could, 
however, be obtained with the carbohydrate amylose as a component, a 
fact which may perhaps be significant in connection with the position of 
amylose as a reserve substance in nature. 

The negative electric charge of amylose is probably due, at least in part, 
to the dissociation of the hydroxyl groups in the surface of the micelle. 
This dissociation is a function of the hydrogen-ion concentration of the 
solution. The charge is small in comparison to that of other hydrophilic 
colloids as agar or gum arabic, w'here more strongly dissociated groups 
resulting from sulfuric acid esters or from the carboxyl group contribute 
to it. In alkaline medium the dissociation of the hydroxyl groups of 
amylose is favored and, eventually, a completely developed double layer 
can be built up. In neutral or slightly acid solution, however, the negative 
charge of amylose is too small to bring about coacervation with positive 
proteins, the mutual attraction being too small to overcome the repelling 
force of the micelle hydration. 

The character of amylose can now be changed completely by introduc- 
ing strongly negative groups into the surface of the micelle, for instance, 
by esterification with phosphoric acid. The resulting amylophosphoric 
acid shows an appreciable anodic migration and possesses a sufficiently 
high density of charge to be able to combine with positively charged 
proteins to droplets and floccula, which in their general behavior show the 
character of coacervates. 

We prepared amylophosphoric acid following the method described by 
Kerb (7, 21). Six grams of ^^amylum soluble Merck,'^ free from nitrogen, 
were dissolved in the usual way in 150 cc. of hot water. After cooling, the 
vessel was placed in ice and 24 g. of pure calcium carbonate was stirred in. 
In the course of two hours a solution of 5 g. of phosphorus oxychloride in 
10 cc. of chloroform was gradually added under continuous vigorous 
stirring. An equal amount of water was then added and the precipitate 
centrifuged off after it had settled overnight. From the clear solution 
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calcium amylophosphate was precipitated by addition of an equal volume 
of alcohol; the precipitate was washed with 50 per cent alcohol and re- 
dissolved in water. The solution w^as then electrodialyzed until free from 
calcium. In the mean the amylophosphorie acid so prepared contained 
0.5 per cent of phosphorus pentoxide, calculated on the dry substan(*e. 

When solutions of amylophosphorie acid and of a protein are mixc'd in 
different proportions at a pH below^ the isoelectric point of the protein, a 
pronounced turbidity, caused by the formation of microscopic* droplets, 
may be observed in a distinct region of proportions of the two colloids. 
Gradually, the liquid droplets (*hange to solid floccula and settle to the 
bottom of the vessel. Addition of alkali in small quantities causes the 
turbidity to disaf)pear as the charge on the protein is reduced and ulti- 
mately reversed. Addition of acid has the same effect, as the charge* of 
both colloids is diminished. 

In order to establish further the coacervate nature of the new^ phase, 
wc measured the viscosities of the mixtures in comparison to those of the 
two components. When two solutions of hydrophilic colloids are mixed 
and no intcraedion of the micelles takes place, the viscosities of the mixtures 
can be calculat(*d from those of the tw^o components by the rule of addi- 
tivity. In the case of opjiositely charged colloids a deviation from 
additivity is observed, wdiich is greater the more compl(‘tely the opposite 
charges balance each other (2, 4). 

AMYLOPHOSPHORIC ACID-GELATIN 

We used a 0.12 per cent solution of amylophosphorie acid and a 0.12 
per cent solution of a pure gelatin (isoelectric point, pH = 5.0). The 
viscosities w^ere measured in an Ostwrald viscometer at 40°C. The re- 
quired pH values of the solutions were obtained by adding the necessary 
amounts of sodium hydroxide or hydrochloric acid, and were controlled by 
means of a quinhydrone electrode and by color indi(*ators. The results 
are collected in table 1 and represented in figure 1. The fourth column 
of the table gives the relative viscosities as found experimentally; the 
fifth, those calculated for additivity of the viscosities of the twT) unmixed 
solutions and their proportion in the mixture. 

The results are in complete accord with what may be expected in the 
case of a coacervate. The lower the pH, that is the farther the gelatin is 
removed from its isoelectric point (and therefore the larger its positive 
charge), the less is the total amount of gelatin necessary to bring about the 
minimum in the additivity curve. The optimum of attraction of the 
opposite charges of the micelles is found at a pH of approximately 3.5. 

Separation of coacervate droplets is found not only at the (jolloid pro- 
portions denoted by the minima, but also at some distance on either side 
of the minima. The droplets which separate at the conditions of the 
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minimum are electrically neutral, and they show practically no cataph- 
oretic movement. On either side of the minimum, however, the droplets 
show an outward electrophoretic charge of the sign of the colloid which 
predominates in the complex. At the proportion of exact balance, the 

TABLE 1 


V iscosHies of rnixtures of amylophoBphoric acid and gelatin sols 


pH 

AMYLO- 
PHOSPHORIC 
ACID BOL 

QBLATIN SOI, 


/Va - »?o\ 

PBR CBNT OF 
ADDITIVITY 

\ Ifo / cxptl. 

\ VO J calod 


CC 

CC. 




2.6 

100 


0 075 


100 


95 

5 

0 023 

0 082 

28 1 


80 

20 

0 027 

0 102 

26 5 


50 

50 

0 079 

0 143 

55 4 


20 

80 

0 165 

0.184 

' 89 7 



100 

0 211 


100 

3 5 

100 


0 109 


100 


95 

5 

() 022 

0 113 

19 5 


80 

20 

0 019 

0 126 

15 1 


50 

50 

0 052 

0 151 

M 4 


20 

80 

0 118 

0 176 

67 0 



100 

0 193 


1(K) 

4 2 

100 


0 111 


1(K) 


90 

10 

0 064 

0 108 

59 3 


80 

20 

0 041 

0 105 

39 0 


50 

50 

0 023 

0 094 

24 4 


20 

80 

0 043 

0 085 

50 6 



100 

0 078 


1(K) 

4.6 

100 


0 113 


1(K) 


' 80 

20 

0 064 

0 104 

61 5 


50 

50 

0 028 

0 090 

31 2 


30 

70 

0 028 

0 081 

34 6 


20 

* 80 

0 035 

0 076 

46 1 



100 

0 067 


100 

4 9 

100 


0 115 


100 


80 

20 

0 099 

0 105 

94 3 


50 

50 

• 0.066 

0 090 

73 3 


30 

70 

0 059 

0 080 

73 7 


20 

80 

0 061 

0 075 

81 .3 



100 

0 065 


100 


micelles can approach each other to a maximum extent and the hydration 
is therefore at a minimum. When there is a preponderance of either of the 
two charges in the complex, the mutual repulsion of these excess charges 
causes the system to be less condensed and more hydrated. 
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AMYLOPHOSPHORIC ACID-LEUCOBIN 

The viscosities of mixtures of a sol of amylophosphoric a(‘id and of one 
of leiicosin, prepared from wheat, were determined at 30°C\ The results 
are tabulated in table 2 (figure 2). The phenomena are similar in all 
respects to those described for the system amylophosphoric acid-gelatin. 

AMYLOPHOSPHORIC ACID-POTATO ALBUMIN 

An albumin from potato was obtained by saturating the juice, squeezed 
out by means of a hydraulic press, with ammonium sulfate. The pre- 
cipitated impure proteins were shaken with cold water, and the filtered 
solution again saturated with ammonium sulfate. This was repeated four 





Kia. 1 

times. The original deep-green color of the juice had then largely dis- 
appeared. The solution of the last precipitate in water was submitted to 
electrodialysis. Some globulin which separated out during this last 
process was removed by filtration. The vis(!ositics of the sol mixtures were 
measured at 30°C. The results are represented in table 3 (figure 3). 

The following general characteristic's whicdi these coacervates have in 
common may be mentioned. Immediately after mixing of the solutions, 
when the coacervate still exists in the form of liquid drops, it (*an be dis- 
solved again completely by addition of either alkali, or acid, or neutral 
electrolytes. In the case of peptization with neutral salts in small quan- 
tities, the coacervate can be made to reappear by addition of alcohol or 


1196 


P. KOETS 


TABLE 2 

ViscositieB of mixtures of amylophosphoric acid and leucosin sols 


/ni> — 

\ ^ J exptl. 

\ VO /calod. 

PJDK CBMT OF 
ADDITIVITY 

0.111 


100 

0.049 

0 107 

45 8 

0 035 

0 096 

36 4 

0 039 

0 073 

53 5 

0 035 

1 

100 

0 111 


100 

0 065 

0 107 

60.7 

0 030 

0 096 

31 3 

0 032 

0 072 

44 5 

0 037 

0 049 

75 5 

0.033 


100 

0 112 


100 

0 (H9 

0 095 

51 6 

0 034 

0 070 

48 5 

0 033 

0 044 

74 9 

0 027 


I 100 

0 114 


1(X) 

0 076 

0 095 

80 1 

0 044 

0 067 

65 7 

0 027 

0 038 

76 1 

0 020 


100 
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another dehydrating agent. The droplets of these coacervates have, 
however, a pronounced tendency to change to floccula on standing. They 
then become, at the same time, more resistant to dispersion; peptization 
may sometimes be obtained by potassium thiocyanate or alkali. 

AMYLOPECTIN 

The observation that amylose can enter into coacervation with proteins 
only after its density of charge has been increased, for instance, by esteri- 
fication with phosphoric acid, leads to some new speculations on the 
nature of amylopectin. It is to the presence of amylopectin that the high 
viscosity and the paste-forming qualities of a starch solution are ascribed. 
A solution of native starch in water is, however, not a true colloidal solu- 
tion. Its viscosity does not follow Poiseuille’s law, indicating the presence 
of micelle conglomerates or gel fragments in the solution (12, 6). In the 
ultracentrifuge the amylopectin settles quickly and long before the amylose 
(8) ; even in the ordinary centrifuge, the amylopectin fraction can be sepa- 
rated from the bulk of the solution (22). 

We may consider a solution of native starch to be a solution of amylose 
in which amylopectin, in the form of gel fragments, is more or less finely 
suspended. 

Samec (18, 14, 20, 17) showed that amylophosphoric acid is a component 
of the amylopectin and that, apart from silicic acid and fatty acids, it 
contains nitrogenous substances often to a considerable extent. In potato 
starch the nitrogen content is small compared to that of phosphoric acid ; 
from wheat, amylopectin fractions can be obtained in which the nitrogen 
content is equal to or even greater than the content of phosphoric acid. 
Samec assumed that protein and amylophosphoric acid are bound “salt- 
like’^ in amylopectin, but later he himself shewed this view to be un- 
satisfactory (16). 

We suggest that it may be of advantage to consider amylopectin to be of 
the nature of a coacervate as described in the first part of this paper, that is 
to say, that the binding of the components is not one of classical chemical 
mass stoichiometry, but rather a balancing of the opposite charges of the 
colloid micelles involved, these micelles largely retaining their individuality 
in the complex. 

It has been shown that the ultimate electrophoretic charge of the coacer- 
vate drops will depend on the proportions of two colloids present. In 
potato starch the negative component largely predominates over the posi- 
tive protein. In accordance with the above theory one would expect the 
resulting coacervate to have a negative charge and to move cataphoretically 
to the anode, as is found experimentally. Similarly Samec and Antonovic 
(19) found fractions of wheat amylopectin which differed in their cataph- 
oretic behavior, those in which phosphoric acid is in excess moving to the 
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anode, and those in which protein is in excess actually moving or at least 
having a tendency to move to the cathode. Same(*\s original assumption 
that the high viscosity of star(‘h solutions is solely due to the phosphoric 
acid content of the amylopectin has been the subject of controversy 
(13, 23, 6, 5). Indeed the viscosity of a solution of amylophosphoric acid, 
obtained from pure amylose, is not very much higher than that of a solu- 
tion of amylose. The excessively high viscosities originally mentioned by 
Samec may be explained by the fact that the amylose which he esterified 
with phosphoric acid was obtained from amylopectin fractions from which 
the phosphoric acid had been removed previously by saponification. The 
nitrogenous substances probably remained in solution and were able to 
give rise to new coacervates as soon as amylophosphoric acid was formed 
again. These complexes, remaining dispersed in solution as gel fragments, 
could then cause a high viscosity. Indeed we found that the (complexes 
of amylophosphoric acid and proteins described in this paper can be dis- 
jiersed by boiling in a solution of pure amylose, from which they do not 
separate again on cooling. The viscosity of a solution so obtained shows 
an appreciable increase compared to that of an equally concentrated amy- 
lose solution. 

Samec distinguished amylopectin fractions according to the color pro- 
duced with an iodine-potassium iodide solution, the color changing from 
blue to red the higher the nitrogen content of the fraction. Whereas a 
solution of amylophosphoric acid gives a blue color with this reagent, we 
found that the color obtained with the coacervates previously described 
turned from blue to violet and red, the more the protein content was 
increased. 

Many experiments have been recorded in which the properties of native 
starch have been changed by treatment with either dilute hydrochloric 
acid or potassium hydroxide. From our point of view, removal of protein 
from wheat amylopectin in larger proportion than phosphoric acid (15) 
must necessarily lead to a product resembling potato amylopectin (the 
coacervate, by removal of the positive component, changing to a complex 
in which the negative amylophosphoric acid micelles predominate), and 
ultimately to a product having the properties of a soluble starch (the 
system beiiig incapable of coacervation owing to the absence of one of the 
components). 

Considering potato amylopectin to be a coacervate complex with a large 
negative surplus charge, one may expect it to be able to undergo renewed 
coacervation with positively charged protein, ultimately leading to a 
product resembling wheat amylopectin, as has indeed been found (16, 11). 
Many authors have described amylopectin as diflfering only from amylose 
by being more interlocked (more dense) and less hydrated (24, 9, 10, 5). 
These properties are inherent in coacervate complexes, the opposite charges 
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causing the micelles to approach more closely to each other and to be 
less hydrated than in free colloidal solution. 

In conclusion the author wishes to express his thanks to Prof. H. R. 
Kruyl/, in whose laboratory this investigation was carried out, for his con- 
tinual interest. 
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In 1802 Volta (18) expressed the belief that most of the electromotive 
force of a voltaic^ cell was generated at the junction of the two rnc'tals which 
dipped into the solution or solutions. This could not be the whole truth, 
be(iause cases are known in w^hich we (‘an reverse the flow of cmrrent through 
the cell, and because it is possible to make a (‘.(dl having (piitc' an (dc'ctro- 
motive force out of one metal and two suitably chosen solutions. Volta\s 
theory was known as the contact theory and has been held from tliat day 
to this by most physicists, with Lodge as the outstanding (‘xception. 

The (diemists felt that the chemical reaction furnish(‘d th(‘ electrical 
energy and that consequently most of the potential difference^ was set up 
where th(* chemical change took place, — at the metal-liquid and licjuid- 
liquid interfae^es. Some pot('ntial difference must be set up at the metal - 
metal interface because of the behavior of thermocoiii)les. Since the 
thermoelectric forc(' is very small, the chemists hoped that th(^ (*ontact 
potentials betwenm metals were also very small, — which does not follow at 
all. A few chemists, Ostwald among them, claimed that the Pfdtier effect 
was a measure of the potential difference between two m(*tals, but this de- 
lusion did not last long. If the argumcMit had Iwn valid (9), people would 
have devised some met hod of determining th(' ])otential diffen'iice betw^c^en 
metal and solution from the Peltier effects for the metal -solution junctions. 
The so-call(Hl clumiicral theory of the voltaic cell has been h(‘ld by most 
chemists. Sir Humphry Davy and Langmuir being two cmisincuous 
exceptions. 

When it was shown by Helmholtz that there w\as a (h'finite relation be- 
twetm the electromotive force of a reversible c(dl, the heat of reaction, and 
the temperature coefficient of the elec^tromotive force, it seemtHl to most 
chemists that the century-old contest was over, because there was nothing 
left for the metal-metal contact except values so small that they wctc 
lost in the errors of determination of the three important terms (4). It 
do(\s not seem to have struck any chemist as curious that Helmholtz (13) 
should continue to believe in the contact theory and should develop it in 
his Faraday Lecture. Since there is no transport of j)onderabl(‘ matter 
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in metallic conduction, it is a mistake to talk about the heat of formation 
of brass in connection with the Daniell cell, as Lodge does (17). 

If the heat-equivalent of the contact potential is contained in the heat of 
reaction as determined by the chemist, there is no difficulty and the metal- 
metal potential may have any value in reason. This was seen clearly by 
Gurney (11). “A chemical change such as 

CuS04(aq) + Zn — > ZnS04(aq) + Cu 

carried out as a test-tube reaction, does not appear to be connected with 
any electrical Volta potential difference; hence the parallelism between the 
chemical series and the Volta series appears to be merely fortuitous, or 
else spurious. The only method of reconciling the contending views would 
be to prove that by some concealed relation the heat evolved in the test- 
tube reaction is itself determined by the Volta potential difference charac- 
teristic of the reacting metals. If the proof of this unsuspected relation 
could be obtained, then certainly the controversial deadlock would dis- 
appear.^^ 

Gumey^s conclusion is right, but his premises are wrong. In 1906 one 
of us (1) said that ^^the most striking characteristic of an electrolytic reac- 
tion is that it occurs in two places, — at the anode and at the cathode. 
This peculiarity can be made less marked by bringing the electrodes nearer 
and nearer together. When the distance between them vanishes we have 
a chemical re^tion in the ordinary sense of the word and not an electro- 
chemical reaction. Any chemical reaction therefore, which can be made to 
take place electrolytically, must consist (22) of an anode and a cathode proc- 
ess. Consequently the same amount of heat will be generated regardless 
of whether one carries out the reaction in the test-tube or in a voltaic cell ; 
and consequently the heat equivalent of whatever metal-metal potential 
there may be will occur in both cases. 

What Gurney was really trying to say was that most chemists do not 
realize clearly that the heat-equivalent of any metal-metal potential ap- 
pears in the heat of reaction as determined by the chemist. Helmholtz 
would never have accepted Gurney statement that ^‘it is not the chemical 
energy which determines the value of the electromotive force. 

As far back as 1847 Helmholtz (12) explained the contact potential be- 
tween zinc and copper on the assumption that zinc has a higher attracting 
force to positive electricity. So far as we know (4), Langmuir (16) was the 
first physical chemist to go over to the camp of the Voltaists and, nearly 
seventy years after Helmholtz, he wrote that ‘‘the Volta series of the ele- 
ments is determined by the magnitude of v?, the electron affinity. Lang- 
muir pointed out also that recent work in physics on electron emission from 
heated metals, thermal effects accompanying the electron emission, photo- 
electric effects from metals, measurements of contact potentials, ionizing 
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potentials of metal vapors, single-line spectra of metal vapors “affords 
conclusive proof that contact potentials exist independently of chemical 
reactions and are of the same order of magnitude as those observed by 
Volta.'^ 

In the laboratories (14, 6) of Kelvin and of J. J. Thomson experiments 
have been performed to show that an ionized-air gap tends to eliminate the 
potential difference between the phases adjoining it. These experiments 
seem of the utmost importance. If an ionized-air gap eliminates the po- 
tential difference completely, it becomes a simple matter to take any cell 
and to put in an ionized-air gap at one junction after another and thereby 
determine all the single-potential differences. If the elimination is not 
complete, there will be an error in each determination of a single-potential 
differen(‘e, but we shall be nearer the true value than ever before. It will 
be a simple matter to apply the method to reversible electrodes, and the 
physicists (8) of the Kelvin school have always fought shy of measuring 
reversible electrodes. 


METHOD OF MEASUREMENT 

To measure the electromotive force of a cell containing metallic or solution 
electrodes separated by an ionized-gas gap, the conducting phases on the 
two sides of the ionized-gas gap must present a large enough area to each 
other so that sufficient ion-current can flow to equalize their potentials in 
a reasonable time. The grounded electrode must surround almost com- 
pletely the one which is connected with the electrometer; otherwise the 
potential of the latter is changed more rapidly by induction from external 
objects than it can be equalized by the ion current. 

Following Greinacher (10) and others, a compensation method w^as used. 
A potentiometer furnished the compensating potential difference, and the 
null instrument was a modified form of the Dolezalek electrometer, loaned 
us by Professor Richtmyer. It was used at a sensitivity of about 150 
mm. per volt, thus enabling electromotive forces to be read to 0.01 volt. 
Most of the electrodes studied were difficult to reproduce to better than 
0.05 volt. It is believed that the results as given are probably right to 
ztr 0.1 volt. 

In the mounting finally developed for the electrodes, the lead from the 
electrometer is shielded by a brass tube filled with paraffin until it ap- 
proaches the paraffin base of the electrodes. It then passes into a glass 
tube bent in a U-shape and ends in a mercury well at the bottom of the U. 
The glass tube, coated with paraffin to diminish leakage of charge over its 
surface, passes under the grounded outer electrode, touching neither the 
electrode nor the table top. Its extreme end is bent horizontal to keep out 
occasional drippings when the electrode is covered with a solution. A 
platinum or copper wire attached to the bottom of the inner electrode is 


TBS JOURNAL OF PHT8ICAL CHBM18TRT, TOL, 40 , NO. 9 



1204 


WILDER D. BANCROFT AND JERMAIN D. PORTER 


bent into such a shape that it can be inserted into the mercury well in 
order to make connection with the electrometer. The inner electrode 
rests on two paraffin pillars and is held uprigiit by the wire running into 
the mercury well. To minimize leakage over the surface of the insulation, 
the path over the paraffin is made as long as practicable. 

The air gap was ionized by means of radium furnished to us by Professor 
Papish. When in use the radium was enclosed in a lead block having a 
narrow slit which permitted radiation between, and parallel to, the elec- 
trodes. 

The preparation of the various electrodes is described later. Solutions 
were applied to the electrodes simply by flowing them over the surface, 
the electrodes being removed from their supports and held horizontal. 
It was found possible to dispense with the agar which was used in earlier 
experiments. 

The ordinary voltaic cells, which were measured for comparison with 
the ionized-air cells, were set up in beakers or in calomel half-cell vessels. 
The electromotive forces were measured with the potentiometer and a 
galvanometer, no special pains being taken to get the third decimal place, 
since they were to be compared with the electromotive forces of the much 
less reproducible ionized-gas cells. 

SILVER CHLORIDE CONCENTRATION CELLS 

Ordinary voltaic cells without ionized-air gaps were measured first. 
The electrodes were platinum foil, plated with silver from a cyanide bath. 
They must be washed free from cyanide or they will give erratic and 
worthless results. One of the electrodes chloridized by anodic treatment 
in concentrated hydrochloric acid gave nearly the same potential (within 
about 6 mv.) in dilute hydrochloric acid saturated with silver chloride 
as an unchloridized electrode in the same solution. Hence in all of the 
following cells hydrochloric acid saturated with silver chloride was relied 
upon to form a chloride film upon the silver electrode. 

The hydrochloric acid solutions w'ere of the following concentration: 

CiHCl = 0.00976 N 
C 2 HCI = 0.484 N 

They were saturated with silver chloride by adding freshly precipitated 
silver chloride and stirring mechanically for several hours. The solutions 
were stored in carefully cleaned bottles provided with siphons so that grease- 
free solution could be drawn off. This precaution seems to be important 
when the solutions are used in ionized-air cells. 

The electrodes for the ionized-air cells were made of platinum foil and 
were plated with silver from a cyanide bath. After a preliminary rinsing, 
they were washed exhaustively by boiling in repeated changes of distilled 
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water. The electrodes acquired a grease film particularly readily, but 
this could be removed by boiling in alcohol. 

In making the measurements, as many cross-checks as possible were 
obtained. For example, both the inner and the outer electrodes were 
moistened with the dilute hydrochloric acid (c*i), inserted in the supports, 
and the electromotive force measured. It was about 0.01 volt. Then 
the solution on the inner electrode was replaced by C 2 HCI. After making 
a measurement, both solutions (which tended to drain off and to evaporate) 
were renewed and the nn^asurement repeated. If the values did not agree 
within 0.02-0.03 volt, the solutions were renew(Hl again. Then C 2 HCI was 
flowed over both electrodes and the electromotive force was found to be 
within 0.01 volt of zero. The solution on the inner electrode was replaced 
with ciHCl; the electromotive force was very nearly the same as it was 
w^hen the outer electrode was wetted wdth CjHCl and the inner electrode 
with C 2 HCI. This shows that the geometric asyminelTy of the cell does not 
affect the results. Numerous checks of this sort were made. The elec- 
tromotive forces were satisfactorily reprodu(*ible on the whole*, provided 
the electrodes were washed thoroughly after plating and were free from 
grease. 

After the electrodes have been in use for an hour or two, they no longer 
hold a coherent film of liquid and the results become more erratic. Occa- 
sionally, even bt'fore this happens, the electromotive force will fall for 
no apparent reason as much as 0.04 volt below wiiat preceding measure- 
ments led one to expect. The great majority of the values, however, 
agree within it 0.02 volt, and the cross-checks are so consistent that we 
believe we may disregard the few erratic ones. 

As stated before, CiHCi = 0.00976 N hydrochloric acid saturated with 
silver chloride and C 2 HCI = 0.484 A" hydrochloric acid saturated with silver 
chloride. We use the symbol ill throughout this paper to denote an ion- 
ized-gas gap. All silver chloride electrodes were formed by dipi)ing a 
silver electrode into one of these hydrochloric acid-silver chloride solutions. 
In the three cells where the silver chloride electrode is dry, the film w^as 
prepared by dipping the silver electrode into one of the solutitais and al- 
lowing it to dry. The electromotive force is given the sign of the left- 
hand electrode, and the positive current flows from right to left through 
the cell when the electromotive force is positive. This is the international 
custom and not the one still maintained by G. N. Lewis. The arrow de- 
notes the direction of flow of current. A summary of the data is given. 

E = 0.162 volt 


E = 0.0995 volt 


(1) Ag I A^l ciHCI 1 C 2 HCI I Ag 

(2) Ag I A^l ciHCl I sat. KCl | C 2 HCI Aga | Ag 
+ ^ - 
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(3) Ag 

1 AgCl cHCI III csHCl AgCl | Ag 

E — 0.07 to 0.09 volt 

+ 

<- 

— 


(4) Ag 

1 AgCl III ciHCl AgCl 1 

1 Ag 

E = -0.20 to -0.22 

— 


+ 

volt 

(6) Ag 

1 AgCl III cHCl AgCl 1 

1 Ag 

E = —0.14 volt 

— 


+ 


(6) Ag 

III c*HCl AgCl 1 Ag 


E = 0.30 volt 

+ 

- 



(7) Ag 

III AgCl 1 Ag 


E = 0.42 volt 

+ 

^ — 




The saturated potassium chloride solution takes out much of the poten- 
tial difference between the solutions, but not all. Since the value for cell 3 
is a little less than that for cell 2, we can say that the ionized-air gap takes 
out most of the potential difference and perhaps all. We cannot say that 
all the potential difference has been eliminated experimentally until the 
technique is improved to the point where we can measure with a suflScient 
degree of accuracy to examine solutions so dilute that we can calculate 
potential differences with the same degree of ac(‘uracy. We can show, 
however, that the measured results are consistent among themselves. 

From cell 7 we have AgCl | Ag = 0.42. From the difference between cells 
5 and 6 we have AgCl | Ag = 0.44, which is inside the experimental error. 
From cell 6 we have C 2 HCI AgCl | Ag = 0.30, while the algebraic sum of 
Nos. 5 and 7 gives 0.28. On standing No. 6 changes slowly from +0.30 to 
—0.18, which is not far different from the value for No. 5 and indicates 
that the silver had been chloridized by vapor of hydrogen chloride from the 
solution. 

As the most probable values for the present we take: AgCl | ciHCl = 
0.21, AgCl [ C 2 HCI = 0.14, and CiHCl|c 2 HCl = 0.082, which adds up to 
0.152 instead of 0.162. By taking the value for No. 3 as 0.07 complete 
agreement could be obtained. 

ZINC -COPPER CELLS 

The copper sulfate and zinc sulfate solutions were made up to be 0.25 M 
(0.5 N) with an accuracy of about 1 j)er cent, and were kept in bottles 
with siphons. The cuprocyanide solution was made 0.25 M in cuprous 
cyanide and 2.5 M in sodium cyanide. The sodium zinc cyanide solution 
was made from sodium cyanide and zinc sulfate, and was approximately 
0.1 M with respect to zinc cyanide and 1.0 ilf with respect to excess sodium 
cyanide. 

The copper electrodes, cut from sheet copper and cleaned in nitric acid, 
were plated with copper from a cyanide bath, washed thoroughly in run- 
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ning tap water, and then rinsed in distilled water. The zinc electrodes 
were cut from a heavy sheet of zinc. After cleaning in hydrochloric acid 
solution, they were amalgamated by dipping in mercuric chloride solution 
and then rubbing with mercury until bright. The object of amalgamation 
is to prevent the formation of a coherent coating of zinc oxide. This 
effect is well-known and very striking in the case of amalgamated aluminum. 

For the ionized-air cells both an inner and an outer electrode of each 
metal were provided, so that cross-checks could be made. The amal- 
gamated zinc electrodes were reproducible within about 0.05 volt with- 
out great difficulty. The copper electrodes required more care; but ap- 
proximately the same reproducibility was attained, provided the same 
general method of preparation was followed. A summary of the data is 
given. 

(1) Zn I 0.5 N ZnS04 | 0.5 N CxiSOa \Cu E ^ -l.m 

— + volts 

(2) Zn I 0.5 N ZnS04 | sodium cuprocyanide [ Cu E = 0.32 volt 

(3) Zn I sodium zinc cyanide | sodium cuprocyanide [ Cu E = —0.13 

— — > + volt 

(4) Zn 1 0.5 N ZnS04 | sodium zinc cyanide | Zn E = 0.45 volt 

(5) Zn III C'u E = —1.05 to —1.30 volts. The values obtained on the 

> -|- same days as the other measurements of this series 

were mostly grouped around —1.2 volts; but, pre- 
viously and subsequently, more divergent \'alues 
wore found. 

(6) Cu I 0.5 N CUSO4 111 Cu E ^ 0.02 volt 

(7) Cu I sodium cuprocyanide m Vii E ^ —1.4 to —1.50^ volts 

(8) Zn I 0.5 N ZnS()4 ill Zn E = -0.03 volt 

— + 


^ When the first measurements on the Daniell cell with ioniz(*d air were made 
in 1935, the solutions were held on the electrodes with an agar gel. Pe-design 
of the apparatus has made this unnecessary and all these measurements ex(‘ept 
No. 7 were made with only a thin film of solution covering the electrodes. When 
this was attempted with the cuprocyanide solution, cell 7 gave only about —0.5 
to —0.7 volt and was very unsteady, presumably owing to oxidation of the cupro- 
cyanide. Covering the electrode with filter paper, however, and wetting this with 
the solution caused the electrode to give the value tabulated. Complications, 
apparently due to some substance dissolved from the filter paper, will be discussed 
at a future time. 
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(9) Zn I 0.5 N ZnS 04 Mi Cu J? = —1.16 volts 

(10) Zn I 0.5 N ZnS 04 ill 0.5 AT CUSO 4 1 Cu £ = - 1.10 volts 
- + 

(11) Zn Ml sodium zinc cyanide | Zn jS? = 0.40 volt 

The values are not as consistent as those for the silver chloride concen- 
tration cells, though the discrepancy is not large. To make Nos. 4 and 
11 consistent, we should have zinc 0.05 volt positive against zinc sulfate, 
whereas it is 0.03 volt negative according to'No. 8, a discrepancy of nearly 
0.1 volt. If we consider the potential difference between equimolccular 
zinc sulfate and copper sulfate solutions as zero and subtract 0.03 for zinc;- 
zinc sulfate and 0.02 for copper-copper sulfate from the 1.106 for the cell 
as a whole, we get 1.056 volts for the contact potential between zinc and 
copper. This corresponds only with the lowest value given in No. 5; but 
it is quite probable that the copper was oxidized somewhat by the ionized 
air, in which case the observed values would be too high. This would 
apply also to No. 9. 

As the most probable values for the present we may take Zn|ZnS() 4 , 
ZnS 04 | CUSO 4 , and CUSO 4 I Cu as approximately zero ±0.1 volt, in which 
case the Volta potential for zinc and copper becomes 1.1 volts ±0.1 volt. 

Within the present limits of experimental error the electromotive force 
of the typical Daniell cell is due practically completely to the contact 
potential difference between zinc and copper. If we decrease the con- 
centration of copper ions suflSciently, as by adding sodium cyanide solution 
to the copper sulfate solution, the direction of the current reverses (15) 
and the potential difference between copper and solution changes from 
approximately zero to approximately 1.4 to 1.5 volts, with the copper 
charged negatively. If we take Zn | sodium zinc cyanide [ sodium cuprocy- 
anide|Cu, the electromotive force is approximately zero ( — 0.13), the metal 
-electrolyte potential differences are approximately 1.45-0.32 volt (arith- 
metical sum is 1.8 volts), while the metal-metal potential difference is 
approximately 1.1 volts. 

In Erskine-Murray's experiments (7), using a modified form of Volta^s 
method with no ionized-air gap, the contact potential for zinc-copper 
would usually be from 0.7 to 1.0 volt, though occasional values as high as 
1.2 volts were obtained (6). Similarly, Langmuir and others (20) report 
about 0.75 volt for the difference between the electron attractions of zinc 
and copper. The discrepancy between these results and ours is due to 
the fact that the physicists used pure zinc instead of amalgamated zinc. 
When we used pure zinc with an ionized-air gap we got values several tenths 
of a volt too low. The invisible oxide film is coherent in the case of pure 
zinc and not coherent in the case of amalgamated zinc. 
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When zinc or copper is oxidized intentionally, the oxidized metal be- 
comes more cathodic. Erskine-M array liaKS even oxidized zinc to the point 
where it gave no potential difference against copper. We have confirmed 
his result by carrying the value down 0.8 volt with a less intensive oxida- 
tion. It is quite evident that no physicist who has studied Volta poten- 
tials has ever had a zinc surface that was not coated with a film, usually 
an oxide film. To that extent the chemists have always been right in 
their criticisms of the measurements of the physicists. Where the chem- 
ists slipped up was in not seeing that th(‘ presence of an oxide film on the 
zinc would decrease the a])parent conta(‘t potential, and the presence of 
an oxide film on the copper would increase it. Not knowing the con- 
ditions under which an electromotive for(‘e is set up, they postulated that 
the oxidation of zinc in an air gap would set up a current. 

Sir Humphry Davy (5) changed from the chemical theory to the contact 
theory in 1806 because '‘iron burnt in oxygen gas, properly connected with 
a condensing electrometer, gives no charge to it during the process. Nitre 
and charcoal deflagrated' in communication with the same instrument do 
not by their agencies in the slightest degree affect the gold k'aves.'^ Ost- 
w^ald (19) pointed out that there should be no electrification under these 
conditions, and yet he considered that the Volta fundamental experiment 
was merely an oxidation phenomenon. 

The confusion that has arisen between the physicists and the chemists 
is brought out clearly in some comments by Kelvin on a letter by Lodge. 
Lodge said: "There is a true contact-force at a zinc-copper junction, which 
on a simple* and natural hypothesis (equivalent to taking an integration 
constant as zero) can be measured thermoelectrically and is about one- 
third millivolt at 10°C\ A voltaic force, more than a thousand times 
larger, exists at the junction of the metals with the medium [solutions] 
surrounding them ; and in an ordinary case is calculable* as the elifference of 
the oxidation-energies; Init it has nothing to do with the heat of formation 
of brass. 

Kelvin said: "What would be the efficacy eif the supposed oxygen bath 
in the experiments w ith varnished plates eif zinc and copper? or in Erskine- 
Murray^s experiment, elescribed in his paper communicated last August 
to the Royal Society, in which metallic surfaces, scraped under melted 
paraffin so as to remove condensed oxygen or nitrogen from them, and 
leave fresh metallic surfaces in contact with a hydroc arbon, are subjected 
to the Voltaic experiment? or in Pfaff’s and my own and Pellat^s experi- 
ments with different gases, at ordinary and at low' pressures, substituted 
for air? or in Bottomley's high vacuum and hydrogen and oxygen experi- 
ments above?^^ 

"The anti-Voltaists seem to have a superstitious veneration for oxygen. 
Oxygen is entitled to respect because it constitutes fifty per cent of all the 
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chemical elements in the earth crust, but this gives it no title for credit as 
coefficient with zinc and copper in the dry Volta experiment, when there is 
none of it there. Oxygen has more affinity for zinc than for copper; so has 
chlorine and so has iodine. It is partially true that different metals — gold, 
silver, platinum, copper, iron, nickel, bismuth, antimony, tin, lead, zinc, 
aluminium, sodium — are for dry Volta contact-electricity in the order of 
their affinities for oxygen ; but it is probably quite as nearly true that they 
are in the order of their affinities for sulphur, or for oxy-sulphion (SO4) 
or for phosphonis or for chlorine or for bromine. It may or may not be 
true that metals can be arranged unambiguously in order of their affinities 
for any of these named substances; it is certainly true that they cannot be 
arranged definitely and surely in respect to their dry Volta contact-elec- 
tricity. Murray^s burnishing, performed on a metal which has been 
treated with Pellat’s washing with alcohol and subsequent scratching and 
polishing with emery, alters the quality of its surface far more than enough 
to change it from below to above several metals polished only by emery; 
and, in fact, Pellat had discovered large differences due to molecular con- 
dition without chemical difference, before Murray extended this funda- 
mental discovery by finding the effect of burnishing.^’ 

While we agree with Lord Kelvin’s conclusion that there is a real poten- 
tial difference between two metals in contact, we cannot endorse all of his 
arguments. Bottomley (3) found a value of a little over 0.74 volt for the 
Volta potential between zinc and copper. Reducing the pressure to less 
than 0.002 mm. had no effect on the measured potential difference, nor 
did the substitution of hydrogen for air. These experiments prove nothing 
nowadays, because the low pressure would not decompose a zinc oxide 
film and gaseous hydrogen would not touch it at ordinary temperatures. 
Erskine-Murray scratched a copper plate under melted paraffin wax so 
as to get a presumably clean surface, allowed the wax to cool, and found 
that there was little or no change relative to a plate exposed to air but not 
covered with wax. This sounds very convincing until one remembers that 
air is quite soluble in melted paraffin, 15 to 20 volume per cent, and that 
consequently the copper plate was always exposed to oxygen and undoubt- 
edly always had an oxide film on it. 

Kelvin lays special stress on the fact that the order of metals as deter- 
mined by oxygen, chlorine, sulfur, etc., are much the same; but this does 
not prove anything. Unless special complexes are formed, the heats of 
reaction and the free energies will vary approximately in the same order. 
The question of the effect of burnishing and scratching is of no importance 
today, because we know that changing the crystal size and straining the 
crystals have definite effects on the potential differences at electrode 
surfaces. 
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LEAD STORAGE CELL 

The lead electrodes were made from sheet lead. To prepare a peroxide 
electrode, a lead electrode was made anode in 20 per cent sulfuric acid with 
a current density of about 1 ampere per dm.- Almost at once it turned 
dark brown with a coppery sheen, and then oxygen was given off. After 
a few minutes the elc^ctrode was removed, rinsed well with distilled water, 
and dried qui(;kly over a heater. It must not be allowed to stand wet 
more than ten or twenty minutes, otherwise the film brcak.s down. The 
peroxide film is purposely left thin to facilitate the removal of acid and 
water. When this was not necessary, a thicker film was prepared by 
forming the electrode. The ionized-air cells showed occasionally a marked 
tendency to change with time. 

(1) Pb I H2SO4 (sp. gr. 1.20) PbOg [ Ph 

(2) Pb I Ml Pb 

( 3 ) Pb I P1^2 H2SO4 (sp. gr. 1.20) II! Pb 

(4) Pb 111 H2SO4 (sp. gr. 1.20) Pb 

To make 1, 3, and 4 consistent, 4 should have been 0.02 instead of 
—0.06. The most probable values at present are: 

Pb I H2SO4 = 0.02 dz 0,1 


E = —2.07 volts 
E = 1.26 volts 
E = 2.05 volts 
E = —0.06 volt 


H2S04 1 PbO ., = 0.80 it 0.1 


PbO g I Pb = 1.20 it 0.1 


This makes the total for the cell 2.07, as it should be; but the data are not 
really anywhere near as accurate as this. There is always the probability 
of an oxide film on the lead. 

To get away from this to some extent a few experiments were made with 
an amalgamated zinc anode in zinc sulfate. 

(1) Zn I 0.5 N ZnS 04 1 H2SO4 (sp. gr. 1.20) FbO^ | Pb £ == -2.47 volts 
^ + 

(2) Zn III H2SO4 (sp. gr. 1.20) P ^2 1 Pb 


E = —2.50 volts 
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(3) Zn III PbO, 1 Pb 

E = 

— 1.60 volts 

-^ + 



(4) Zn iiiPb 

E = 

—0.41 volts 


This means in round numbers: 


H 2 SO 4 1 PbO g = 0.90 zb 0.1 
PbOa I Pb = 1.20 dz 0.1 


No matter what set of figures one takes, the peroxide electrode gives rise to 
practically all the electromotive force of the cell, and the potential differ- 
ences on the two sides of the peroxide film are of the same general magni- 
tude. That will undoubtedly remain true even though the absolute values 
be shifted. 


PLATINUM-HYDROGEN ELECTRODE 

It seemed probable that platinum in the presence of hydrogen would 
behave differently from platinum in air, contrary to what Bottomley and 
others believed. Consequently a few preliminary experiments were made 
to test this. 

A smooth, bright-platinum inner electrode was used with silver, copper, 
and amalgamated zinc outer electrodes (prepared as before) as references. 
Tests showed that the potentials of zinc and of silver measured against 
copper were not affected appreciably by substituting ionized hydrogen for 
ionized air. The platinum was cleaned either by glowing in a flame or by 
treating with warm chromic-acid cleaning solution (bichromate and sul- 
furic acid). 

The hydrogen was from a commercial cylinder and was, at first, passed 
through alkaline pyrogallol and concentrated sulfuric acid to purify it; 
but later, in order to avoid explosions, it was found necessary to pass it into 
the electrode chamber too rapidly to permit washing. No significant 
differences in the potentials were observed when purification of the hydro- 
gen was discontinued. Behavior similar to that of a poisoned hydrogen 
electrode in a liquid solution was noticed on one occasion, but did not occur 
again. 

To confine the hydrogen around the electrodes a copper box was made. 
In use, this was inverted on the desk top near the electrode and filled with 
hydrogen through a tube at the top. Then, with the hydrogen still flow- 
ing, it was picked up carefully and lowered quickly over the electrodes dis- 
placing the air. The excess hydrogen escaped round the bottom. This 
method was preferable to placing the copper box over the electrodes and 
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then passing in hydrogen at the top to displace the air downwards, since 
the latter procedure resulted occasionally in explosions, due apparently to 
catalysis at the platinum surface. 

The reproducibility of cells with platinum electrodes is not very good 
as yet. We had hoped that the hydrogen cells wpuld behave more con- 
sistently than they did, l)ut the general results show up fairly well. It 
made little difference whether the platinum was activated by flaming or in 
a chromic-acid cleaning solution. 

In the following data H denotes ionized hydrogen. 

(1) Ag iiiPt E = —0.17 volt 

(2) Ag I H I Pt ^ = 0.83 volt 

The values in 1 and 2 are based on a single measurement each. 

(3) Ag 111 Cu and Ag | H | Cu E = 0.30 volt, the same in the two cases. 

(4) Cu 111 Pt 
- + 

(5) Cu 1 H 1 Pt 

+ <“ - 

(6) Zn Mi Pt 

(7) Zn I H I Pt 

- -> + 

These results are not consistent among themselves. Since we know that 
Zn|H|Cii is about tlie same as Zn i n Cu and that Zn|H| Ag is about the same 
as Zn Ml Ag, w(* conclude that ionized air and ionized hydrogen behave 
about alike with zinc*, copjier, and siher, whereas ioiiizf'd hydrogen makes 
platinum 1.0 to 1.2 volts less noble. This is another way of saying that 
platinum activates hydrogen- -which wo know happeiLs- whereas zinc, 
copper, and silver do not activate it appreciably iindcT these cojiditions. 
Spiers (21) obtained very different values for iron i)latinum in air and in 
hydrogen, but he attributed this chiefly to changes in the iron. He may 
have been right in this, because his treatment was a bit heroic. 

BEHAVIOR OF ALLOYS 

In order to get a preliminary idea of how alloys might be expected to 
behave, a crude, synthetic; alloy was prepared by covering a zinc electrode 
more or less completely with pieces of copper. These alloy substitutes 
replaced the zinc electrode in our standard Daniell cell and were also meas- 


E = —0.76 volt 
E = 0.35 to 0.50 volt 
E = —1.4 volts 
E = -0.33 volt 
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ured against copper with an ionized-air gap between. The two systems 
behaved entirely differently, rather to our surprise. In the solution the 
composite electrode gave low values for a short time and then came back 
approximately to the value for the Daniell cell. The composite electrode 
is a short-circuited cell and precipitates zinc on the copper. One measures, 
therefore, the potential due to the less noble phase in the alloy. 

With the ionized-air gap against copper, the composite electrode gave a 
value nearly equal to that of zinc when the amount of attached copper was 
very small and nearly equal to that of copper when the zinc surface was 
covered nearly completely by copper. With the composite electrode and the 
ionized-air gap, there is no change in surface ifwe assume that oxidation is 
negligible under the conditions of the experiments, and consequently the 
observed electromotive force is a function of the nature and relative masses 
of the two phases in a binary alloy. 

This explains why an electrode is so much more sensitive to polishing 
and scratching when determining the single-potential differences by Kel- 
vin’s methods than when the same electrode is in contact with a solution. 
If the scratching or polishing makes the surface more or less homogeneous, 
it will change the observed potential difference, whereas the electrode in 
solution changes only when one changes the less noble phase. 

PASSIVE IRON 

It was expected that we could measure the Kelvin single-potential differ- 
ence between iron and passive iron, thereby getting an independent con- 
firmation of our previous proof (2) that passive iron owes its peculiarities 
to an adsorbed film of the instable oxide, FeOs. To eliminate the effect of 
oxidation as much as possible, the iron electrode was amalgamated with 
sodium amalgam and the sodium washed out. The iron was made passive 
in concentrated nitric acid, sp. gr. 1.42, and was washed and dried care- 
fully to avoid damaging the film. After the measurement, it was tested 
for passivity by dipping into nitric acid of sp. gr. 1 .20. 

Against amalgamated iron, iron which has stood in the air for several 
days after being cleaned, iron which has been made passive and dried care- 
fully, active iron dried in the same way, and iron freshly cleaned in acid, 
rinsed and wiped dry, all give approximately the same values. They are 
approximately 0.1 volt cathodic. To make matters worse, a piece of iron 
which has been heated in the air until it has a thick film of oxide on it is 
approximately 0.6 volt cathodic to amalgamated iron. At present the 
Kelvin method gives no information in regard to passive iron. We do not 
know whether this is because the oxide film is too thin, too porous, or both. 
We do know that a thin film of oxide on zinc lowers the potential 0.3“-0.4 
volt, while a thick one may lower it 0.8-1 .0 volt. We have also shown 
that an unspecified iron oxide film, presumably ferric oxide, will change the 
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Kelvin potential against iron 0. 1-0.6 volt, perhaps more. More study of 
the oxide films is evidently called for. 

SUMMARY 

The general results of this paper arc as follows: 

1. Both Kelvin and Helmholtz evidently saw that a term for the Volta 
potential is included in the heat of reaction as determined by the thermo- 
chemist, though they seem not to have mentioned it specifically. The 
chemist has not been clear on this point because he has postulated that the 
Volta potential is negligible. Gurney (1932) is apparently the man who 
brought the matter into the open. 

2. A pure zinc surface in air is always coated with a coherent film of 
oxide which makes the metal appear more noble. Amalgamated zinc 
does not form a coherent film on the surface. Since the physicists, from 
Volta down to the present, have not understood about amalgamated zinc, 
they have never had a surface corresponding at all to pure zinc. 

3. Scratching a zinc or copper surface under molten paraffin is merely a 
beautiful gesture, because air is soluble in the hydrocarbon. A further 
proof is that the results thus obtained are those of the slightly oxidized 
metal. 

4. By using amalgamated zinc we have been able to confirm the con- 
tention of Kelvin and of J. J. Thomson that an ionized-air gap removes 
most, and probably all, of the potential difference betw’een the adjoining 
phases. 

5. By putting in an ionized-air gap successively at each junction in a 
voltaic cell it is possible now to measure the Kelvin single-potential differ- 
ence at that junction to at least ±0.1 volt. There is no apparent reason 
why the measurements should not be made much more accurate. 

6. In the ordinary Daniell cell, Zn|0.5 N ZnSO4|0.5 N CuSOilCu, prac- 
tically all the electromotive force arises at the zinc-copper junction, the 
potential differences at the other junctions being each approximately zero. 

7. On adding sodium cyanide to both sides of the ordinary Daniell cell 
the electromotive force may be dropped from 1.106 volts to 0.13 volts, in 
whi(‘h case the arithmetical (not algebraical) sum of the metal -electro- 
lyte potentials increases from approximately zero to approximately 1.8 
volts, which is nearly double the Volta potential difference between the 
metals. 

8. In the lead storage cell with sulfuric acid of sp. gr. 1.20, practically all 
of the electromotive force is developed at the lead peroxide electrode, the 
potential differences at the two sides of the peroxide film being roughly of 
the same order of magnitude. 

9. The Kelvin single-potential difference for platinum-hydrogen and 
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platinum-air is apparently about 1.0-1 .2 volts. The change from air to 
hydrogen has no marked effect with zinc, copper, and silver. 

10. With two-phase binary alloys the Kelvin single-potential difference 
is a function of the nature and relative masses of the two phases. 

11. It is not possible at present to get information about passive iron 
with an ionized-air gap. 

12. We have used the term ‘^Kelvin single-potential difference^’ because 
it is not yet known whether the ionized-air gap removes all the potential 
difference between the adjoining phases and gives the true or Volta po- 
tential differences. 

13. The important thermodynamic developments by Helmholtz, Gibbs, 
Nernst, and Planck are not affected by these measurements. Their va- 
lidity is the same now that it was before. The calculations of wso-called 
solution pressures are now worthless, because they depended on the explicit 
assumption that the contact potential difference between metals was 
negligible. 
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Concentrated paste-like suspensions of fine powders in liquids manifest 
certain properties, which depend strongly on the degree of packing. The 
rule given in table 1 was put forward, and was shown to hold in a few 
cases (2, 3). This rule was eonside^red to be rather a rough guide, since 
factors such as particle shape, etc., were not taken into account. It would 
obviously be necessary to investigate the' physical side of each of these 
phenomena more thoroughly, because very little is known about them. 
But, before* doing so, it seemed desirable to com})are the behavior of a large 
number of powders of different kinds to see whether the nile really was 
a first approximation to the* truth, and to detect cases which might be 
specially fit for more exact investigation. This was the aim of the following 
paper. 

Th(‘ substances used, most of which are minerals, an* listed in table 2. 
The objection could be raised that they might be ini})ure, and that this 
would impair the results. We selected the minerals in as pure a condition 
as possible, and any obvious foreign matter was removed; there were two 
mixtures, — chalk and Solnhof(*n slate*. In addition, the* results seemed to 
show that small amounts of impurities, less than 1 i)er cent or so, did not 
change fundamentally the pr()i)erties under investigation.^ Minerals have, 
on th(* ()th(*r hand, several advantages. Many of them are highly insoluble, 
and they are harder than the solid products of the same constitution chemi- 
cally which have been precipitated from solution. 

A thixotropic and plastic beliavior was obs(*rved only if th(* solid j)articles 
in the suspension were sufficiently fine. There should be present a fairly 
high percentage with a diameter of between 1 and 10 fi. 

The original substances w ere first coarsely ground in a porcelain mortar, 
or in an iron percusston mortar in the case of hard substances. These 
pow^ders were then ground to the correct size, in most cases in a porcelain 

1 Cf, the discussion on the behavior of different forms of calcium carbonate, at the 
end of this paper. 
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ball-mill, containing 55 hard porcelain balls of a diameter of 1.50 cm.; 
generally, about 200 g. of the coarse powder was put into the mill with 0.25 1. 
of water, the lid then clamped on, and the whole lot rotated at 60 to 80 
B.p.M. until the powder was sufficiently fine, as determined by sedimenta- 
tion. Very hard substances, such as quartz and rutile, were powdered 
finely in a mechanical agate mortar, because they would be contaminated 
to a large extent with porcelain powder if the ball-mill were used.^ 

The powders were fractionated by sedimentation in water, and the frac- 
tion with particles of diameters between 1 and 10 ju was selected for the 
experiments. In some cases the particles stuck together in water; then 
they sedimented in a clear line, either because they were actually homo- 
disperse, or because the larger particles formed a network which enmeshed 
the smaller ones, and caused the whole lot to sediment together. Since 
such powders could not be fractionated under these conditions, they were 
ground in the ball-mill until the rate of fall of the sedimenting level corre- 
sponded to the correct particle size. The diameter of the particles, as cal- 


TABLE 1 

Properties of paste-like siMspensions 


PBOPKRTISS DBPSNDEKT UPON GLOBE PACKING 

PROPBRTXBB DEPENDENT UPON LOOBB PACKINO 

Small volume of sedimentation 

Large volume of sedimentation 

Dilatancy 

No dilatancy 

No thixotropy 

Thixotropy 

No plasticity 

Plasticity 


culated from the sedimentation velocity, according to Stokes^ law, agreed 
in a satisfactory way with the value observed in microscopic measurements. 

Four liquids were used, — pure water, and N aqueous solutions of hydro- 
chloric acid, sodium hydroxide, and sodium chloride. The measurements 
with the electrolyte solutions were clearly not sufficient to show how 
changes in the nature and concentration of the electrolytes influenced the 
properties under investigation, but it seemed desirable to use these solu- 
tions in order to gain some idea of the kind and amount of the change 
caused by the presence of electrolytes. 

> This contamination might falsify the results also with other powders, especially 
those of harder substances. To test this a sample of a fairly hard substance, hema- 
tite (hardness 5. 5-6.5 in Mohs’ scale) was ground to the same size (about 5m diameter) 
in the ball-mill, another in the agate mortar. The two samples behaved identically 
as to dilatancy, thixotropy, and plasticity. Hematite pastes are not dilatant, but 
are strongly thixotropic and plastic; a small difference as to sedimentation volume 
was insignificant. It was shown further that finely powdered porcelain could not 
be expected to behave in a very active way as an impurity. Its pastes turned out 
to be closely packed; they were dilatant, but neither thixotropic nor plastic. 
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TABLE 2 

Description of avhslances studied 


BUBBTANCE 

CBBICICAL COMPOBITION 

BABDNBBS 

CBYBTALLINK 

STBUCTUBE 

1. Diamond 

C 

10 

Cubic 

2. Graphite 

c 

0.5-1 

Hexagonal 

3. Jet 

(C)* 


Amorphous 

4. Corundum 

AhO* 

9 

Hexagonal 

5. Hematite 

FesOs 

5 5-6 5 

Hexagonal 

6. Pyrolusite 

Mn02 

2-2 5 

Rhombic 

7. Litharge 

PbO 

5-5 5 

Amorphous 

8. Quartz 

SiO* 

7 

Hexagonal 

9. Rutile 

TiOj 

6-6 5 

Tetragonal 

10. Titanium dioxide . . 

TiOj 


Tetragonal 

11. Vanadium pentoxide 

V,Oo 


Rhombic 

12. Tin pyrites . . 

SnS 2 • CU 2 S • FeS 

3-4 

Tetragonal 

13. Galena 

PbS 

2-3 

Cubic 

14. Mosaic gold 

SnS2 


Hexagonal 

15. Fluorspar 

CaF2 

4 

Cubic 

16. Barytes 

BaSO. 

3-3 5 

Rhombic 

17a. Gypsum (oven-dried) 

CaSO.xHjOt 

1 5-2 

Rhombic 

17b, Gypsum (air-dried) 

CaS 04 • 2 H 2 O 

1 5-2 

Monoclinic 

18. Selenite 

CaS 04 - 2 H 20 

1 5-2 

Monoclinic 

19. Calcium carbonate (pure). . 

CaCOa 


Hexagonal 

20. Aragonite 

CaCOs 

3 5-4 

Rhombic 

21. Iceland spar. . 

CaCOa 

3 

Hexagonal 

22. Limestone 

CaCOa 

3 

Hexagonal 

23. Marble. . 

CaCOa 

3-4 

Hexagonal 

24. Mica (muscovite) 

Complex silicate 

2 5-3 

Monoclinic 

25. Monax glass 

Complex silicate 

6 

Amorphous 

26. Porcelain 

Complex silicate 

7 

Amorphous 

27. Kaolin 

Complex silicate 

2-2 5 

Monoclinic 

28. Steatite 

Complex silicate 
(H2Mg8Si40l2) 

1 

Monoclinic 

29. Chalk 

CaCOa, mixed with clay 


Hexagonal 

30. Solnhofen slate 

CaCOa, mixed with clay 


Hexagonal 


* Jet is an intermediate compound between wood and coal, formed from petrified 
wood under high pressure, and it contains vegetable structures. It is homogeneous, 
and contains carbon, some 8 per cent of water, and 20 per cent of hydrocarbons, 
which appear on distillation. It shows a subconchoidal fracture, and is amorphous. 

t After the gypsum had been ground to the correct size in water in the ball-mill, 
the excess water was removed by filtration and half of the residue w^as dried at about 
90°C. in a steam oven, and half by exposure to the air for several days. The oven- 
dried sample had lost some of its water of crystallization. 

SEDIMENTATION VOLUME 

This was determined by allowing a known weight of powder to sediment 
uniformly in a known volume of water or aqueous solution, in graduated 
tubes having an internal radius of 0.58 cm., calibrated in cubic centimeters 
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up to 20 cc., and fitted with ground glass stoppers. The weight of the 
substance taken, in all cases, was that weight, as calculated from the den- 
sity of the material, which had the same volume as had 3.00 g. of quartz, 
i.e., 1.13 cc. By using a constant volume, the results for the individual 
substances could be directly compared. 

The tubes were first carefully cleaned. Then a small known volume of 
the liquid was poured in, and this was followed by the weighed quantity 
of the powder, and finally the rest of the liquid was admitted, and the whole 
lot shaken up until all the solid was in suspension. When the sediment 
had commenced to settle, and a layer of clear liquid had appeared on the 
surface, the solid which remained on the walls of the tube above the liquid 
was pushed down into the liquid by means of a rubber plunger. Then the 
tube remained undisturbed for at least twenty-four hours, and the volume 
of the sediment was read at the end of that time. The sediment was 
shaken into suspension again after this, and the experiment repeated until 
the sedimentation volume had reached a constant figure. 

The sedimentation volume proved to be a most intricate phenomenon, 
depending strongly upon many factors; it evidently needs a thorough 
examination. The absolute value of the volume of sedimentation was less 
in wider tubes, and, in consequence, all the tubes had to be of the same 
internal cross section, in this case, 1.06 sq. cm., and of constant bore. It 
also depended, to a certain extent, on the volume of the liquid; it decreased 
slightly as the volume of the liquid decreased below a certain limiting 
liquid volume, which in this case was about 9.0 cc., so that 15.0 cc. of liquid 
was used in all cases, in order to be well above this limiting volume. 

In many cases, as the determinations were repeated, the sedimentation 
volumes decreased gradually until the final value was reached. This was 
probably due to the removal of entrapped air by repeated shaking. This 
behavior, or when there was only a very small change at all, was considered 
to be the normal behavior. An increase in sedimentation volume which 
was observed in a number of cases was anomalous, and most likely due to 
a chemical action between solid and liquid. 

VELOCITY OF SEDIMENTATION 

Measurement of the sedimentation volume naturally led to a determina- 
tion of the velocity of sedimentation, this being obtained by observing the 
limiting line between sediment and clear liquid a short time after shaking, 
and at intervals of a few minutes until there was practically no further fall; 
the time for the fall of the majority of particles was from two to three 
hours. Sedimentation velocity proved to be valuable in characterizing 
the behavior of the different suspensions. 

With many substances, the sedimentation volume decreased markedly 
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if the tube was rolled to and fro between the palms of the hands after the 
solid had settled, and the particles allowed to settle without any further 
shaking. The standard time of rolling w^as 80 sec., the time of settling 
was, as before, about twenty-four hours, and this procedure was repc^ated 
until a constant volume was reached. A strong decrease, more than 25 
per cent, was only observed with particles which were expected to be anisi)- 
metric, i.e., plates or needles; for instance, mosaic gold in water (decrease 
33 per cent), mica in water (decrease 40 per cent), and graphite in N hydro- 
chloric acid solution (decrease 30 per cent). So the effect was probably 
due to the fact that the particles were oriented by the gentle movement. 
They were able to settle after orientation to a smaller sedimentation 
volume, the plates lying like sheets of a hook on each other, while so 
long as they were lying irregularly, they enclosed a much larger volume 
of liquid, as was the case when they settled at random without being 
oriented (9). 


DILATANCY 

Dilatancy (8) was investigated only in a qualitative way, by mixing 
known amounts of the powders and liquids in a small basin into pastes, and 
observing the effect of a disturbance with a spatula. Normal or strong 
dilatancy w^as show'n, for example, by a mixture of 5.0 g. of cpiartz and 2.25 
cc. of water. This paste, if left to itself, appeared quite fluid, but when it 
w'as disturbed with a spatula, it immediately became dry and very resistant 
to the sjiatula. It was extremely difficult to pick up a portion of the paste 
on the spatula, but, once there, it became fluid again, and ran off in the 
manner of a treacly li(]uid. After the disturbance, if the ])aste w^as left 
alone again, it rapidly became liquid, and this could be accelerated by 
tapping the basin. 

Non-dilatant pastes showed no change in consistency when they were 
disturbed with a spatula. No liquid exuded when they were spread out, 
nor wiieii they wTre left to themselves, nor w hen the basin was tapped. 

An intermediate behavior w^as observed betw(‘en these' extreme cases 
in a number of pastes, best described as a passive or weak dilatancy. The 
])astes concf'rned did not show' any obvious change in consistency on 
mechanical treatment, nor did liquid exude wiien they were left to them- 
selves, or at least, this happened very slowly. But wiien the vessel con- 
taining the paste which had been mixed with the spatula was gently 
tapped, liquid was soon seen to come out in quantity. 

THIXOTROPY 

Thixotropy was also observed in somew hat of a qualitati\'e fashion, in 
a tube 18.0 cm. long and 0.93 cm. in internal diameter, fitted with a ground 
glass stopper. A series of pastes of increasing licpiid coiu'entratious was 
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made, beginning, frequently, with a mixture of 3.0 g. of the solid powder 
and 1.0 cc. of liquid, and the liquid content was increased in increments of 
0.25 cc. at a time. 

For each thixotropic paste, there was a region of concentrations where 
the mass became liquid on shaking, but solidified when left to rest. With 
a certain minimum amount of liquid, the paste could not be heard or felt to 
move when shaken; the only change was a change in its position in the tube 
before and after shaking. This concentration of solid was taken as the 
upper limit of the thixotropic region. As more liquid was added, the 
state was reached where the paste could be heard to flow when the tube 
was shaken, but it solidified immediately after shaking ceased. With still 
more liquid, the time of solidification became finite, and increased grad- 
ually; determinations ceased after it had reached ten minutes. The lower 
limit of the thixotropic region was generally chosen as that when the time 
of solidification was about a minute or so. On adding an excess of 
liquid, the paste did not solidify at all, but separated into two phases on 
standing. 

In non-thixotropic pastes, the liquid masses did not solidify at all. As 
soon as the amount of liquid was sufficiently large, generally the whole mass 
flowed down when the tube was inverted, and the liquid separated from 
the solid when the tube was allowed to remain undisturbed, the sediment 
not being thixotropic. In some cases, mostly with coarser powders, when 
the tube was inverted, the solid remained as a hard clod at the top, and 
clear liquid ran down the walls of the tube. 

Quite a number of pastes were found to be rheopectic, that is, they solidi- 
fied more quickly if they were subjected to a regular gentle motion, as, for 
instance, by tapping the tube on the bench, or by rolling it to and fro 
between the palms of the hands. Rheopexy could only be observed in a 
region of concentrations where the time of thixotropic solidification was 
fairly long.^ 


PLASTICITY 

Plasticity has not, so far as we know, been determined by any standard 
method. In order to compare plasticity with the other properties under 
consideration, an isothermal method of characterizing plastic behavior was 
essential. The method used was practically identical with that used for 
investigating flow pressure (6). The pastes were pressed against a disc, 
through the center of which was a small hole. The shearing took place 
at the hole. If the paste issued from the hole unchanged and well deform- 

* In some pastes a stable foam was formed, which was liable to cause apparent 
thixotropy and rheopexy by preventing the liquid part from flowing in the tube. 
This foam could be broken by a gentle tap on the outside of the tube, and then it 
could be seen whether thixotropy or rheopexy existed or not. 
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able, it was plastic it was not plastic if it was changed in any way by the 
shearing forces. 

This “plastometer” is shown in figure 1. The brass cylinder, AA, 7.6 
cm. long, and 1.91 cm. in internal diameter, was fitted with a brass screw 
cap B at one end, to which was attached an inextensible rubber tube to 
convey the air pressure from a cylinder of air; and with another cap C on 
the other end with a hole in its center, 0.91 cm. in diameter. The jet, 
abed, was housed in a piece of brass, whose vertical cross section was T- 
shaped, and which fitted through the hole in C, and could be clampcHl tight 
by screwing C on to the cylinder, and an air-tight joint obtained by inter- 
posing a lead washer. The jet was 0.16 cm. in diameter, drilled centrally 
and ground smooth with emery paste; the top, ab, was slightly counter- 
sunk, and the bottom edges were rounded off, els(‘ the threads tended to 



Fic. I Tho plastoineter 

curl up and stick to the brass and so form a loop instead of a nice straight 
thread. It was found necessary to communi(‘at(' the air pressure to the 
paste by means of a brass piston E, of wc'ight 60.6 g. The paste was put 
into the .space F. 

Air pressure was applied on to the piston from a cylinder of com})ress(Ml air. 
The jiressure was controlled by means of a reducing \’alve on the cylinder. 
Pressure was measured by means of a simple mercury manometer in centi- 
meters of mercury, and all pressures are given as such. This valve also 
controlled the rate of rise of pressun\ 

The requisite amounts of liquid and powder were mixed in a small basin 

* We would thus agree with the following definition of plasticity: “Plasticity is 
that property which enables a material to be deformed continuously and permanently 
without rupture during the application of a force which exceeds the yielil value of 
the material” (H. Wilson, Ceramics; Clay Technology, p. 55. New York (1927).) 



1224 


H. FREUNDLICH AND A. D. JONES 


with a flat spatula for a measured time, usually 30 seconds, and the homo- 
geneous paste was transferred to the cylinder, also by means of the spatula, 
in a measured time, again usually 30 seconds. Then the cylinder and its 
ends were screwed together. After noting whether the weight of the piston 
alone was sufBcient to cause any extrusion, pressure was applied slowly. 
The reducing valve was opened slightly to give a rate of rise of pressure of 
1 or 2 cm. per minute, and this was continued for a few centimeters rise. 
Then the pressure was allowed to rise more quickly, and so on, in stages, 
always keeping the rate constant for a few centimeters rise before the next 
stage, and observing the effect of the pressure on the paste, until the final 
pressure rise of from 50 to 70 cm., which took place at about 60 cm. per 
minute. 


TABLE 3 

Behavior of a plastic paste of chalk 


EXPEBIMENT 

PBBS8CBE 

RATE OF 
RISE OF 
PBBBBURE 

RESULT 

THREAD 

LENGTH 


cm. 

cm. per 
minute 


cm. 

No. 1. 5 g. of chalk was mixed with 2.0 cc. 

0 


Nothing 


of water by means of a flat spatula, in 

P3 

1 

Threads 

1-2 

a small basin, for 30 sec., and trans- 

3-6 

1-2 

Threads 

2-3 

ferred to the cylinder in 40 sec. 

6-10 

6 

Threads 

3-4 


10-20 

20 

Threads 

5-6 

No. 2. 5 g. of chalk was mixed with 2.0 cc. 

0 


Nothing 


of water by means of a flat spatula, in 

1-2 

1 j 

Threads 

1-2 

a small basin, for 30 sec., and trans- 

2-3 

2 

Threads 

2-3 

ferred to the cylinder in 40 sec. 

3-9 

7 

Threads 

3-5 


9-22 

24 

Threads 

6-7 


In each experiment all the paste was expressed. 


If the paste was plastic, the mass was extruded in threads, which broke 
off as soon as they had reached a certain well-defined length. This length 
was measured on a scale below the jet. 

Table 3 gives an example of the behavior of a plastic paste of chalk. 

The measurements on the plasticity of these pastes were remarkably 
reproducible, provided that the above-mentioned precautions were taken. 

The behavior of the pastes in tliis plastometer classified them very 
definitely and very simply into three groups: (f). Plastic pastes, which 
w^re extruded in threads of characteristic lengths. Non-plastic pastes, 
in which the extrusion took the nature of : (n). Drops of clear liquid, there 
being left in the cylinder a bard and rather dry cake of the solid powder, 
(m). Sticky or pasty drops, consisting of a mixture of the solid and liquid 
phases, containing an excess of liquid compared with the original mixture. 
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The rule mentioned above was found to hold for a great number of 
pastes. 

Firstly, there are the cases agreeing with close packing; these are the sus- 
pensions which showed a small sedimentation volume, generally less than 4.0 
cc. for the standard amount of substance (cf.page 1229), normal dilatancy, 
no thixotropy, and no plasticity, the extrusion in this case being sticky 

TABLE 4 


Sedimentation volumes in cubic centimeters of closely packed pastes which are not 

thixotropic 


SUBSTANCE 

Water 

LIQUID 

VHCl 

PHASE 

VNaOH 

iSTNaCl 

Met . . . 

4 0 

4 6 


4 6 

Corundum 


3 75 



Quartz 

2 0 

2 7 



Vanadium pentoxide 

3 35 

i 



Fluorspar 

3 1 

2 1 

3 1 

3 2 

Monax ^lass 

2 0 

2 65 



Porcelain 

2 0 

2 7 

3 65 

3 4 


TABLE 5 

Sedimentation volumes in cubic centimeters of loosely packed pastes^ which arc strongly 

thixotropic and plastic 




LIQUID PHASE 


SUBSTANCE ^ 



. 

. 


Water 

N HCl 

N NaOH 

N NaCI 

Graphite 

6 55 

6 3 

7 1 

6 6 

Jet 



10 4 


Hematite 

7 3 

5 85 

8 3 

9 5 

Titanium dioxide 

9 6 

7 0 

10 ] 

9 75 

Vanadium pentoxide 


8 6 



Tin pyrites 

7 55 

H) 6 

! 5 4 

7 5 

Galena 

8 8 

8 8 


5 95 

Kaolin 

6 3 

6 5 

6 8 

7 4 

Chalk 



! 9 :> 

5 9 

Solnhofen slate 

5 9 


ll 2 

5 9 


drops of liquid. (Tiie figures in the ensuing tables are t he final volumes of 
sedimentation in cubic centimeters, previous to any intentional orienta- 
tion.) The pastes shown in table 4 belong to this group. 

Then there are cases agreeing with loose packing; these an' the suspen- 
sions which showed a large sedimentation A^olume, generally greatc'r than 
6.0 cc., no dilatancy, strong thixotropy over a broad range of concentra- 
tions (for instance, thixotropic pastes of graphite in water contained from 
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32 to 52 per cent of solid and thixotropic pastes of hematite in water from 
38 to 67 per cent of solid), and plasticity, the paste being extruded in well- 
defined long threads. To this group, the pastes listed in table 5 belong. 

In addition to these cases in which the rule holds in its entirety, a num- 
ber of examples were found where portions of the rule held quite strictly; 
generally, the properties connected in these cases were correlated in one 
direction only, and could not be reversed: 

(7). There was practically no case of normal dilatancy which did not 
correspond to a small volume of sedimentation, that is, less than 4.0 cc. 
In this respect, there may be added to the pastes mentioned in table 4, 
those in table 6. These differ from those in table 4 by being weakly thixo- 
tropic; the range of thixotropy for corundum in water was from 63 to 67 
per cent of solid, and that for Monax glass in N sodium chloride was from 
57 to 63 per cent of solid. These pastes were not plastic. 

TABLE 6 


Sedimentation volumes in cubic centimeters of closely packed pastes which are dilatantf 

but also weakly thixotropic^ 


1 

BUBaTANGE 

LIQUID PHASE 

Water 

NHCl 

NNaOH 

NNaCl 

Diamond 

4 1 

3.2 



Corundum 

4 45 


4 4 

4.15 

Quartz 



3.4 

3.3 

Monax glass 



3 5 

3.5 


The reverse does not hold true. Pastes with a very small volume of 
sedimentation need not show normal dilatancy; they may be pasvsively dila- 
tant. Examples of this are aragonite in water and N sodium chloride 
solution, and marble in water and N sodium chloride solution (see table 9). 

{2). Suspensions which showed a large volume of sedimentation were 
also thixotropic. Examples are those in table 5, and to these, those in 
table 7 can be added. Table 7 contains pastes which have a large volume 
of sedimentation and, correlated with it, strong thixotropy, but wiiich are 

® Litharge (in water and in sodium hydroxide solution) and rutile (in all four 
liquids) have probably to be added to this group. They both show certain anoma- 
lies. With litharge the volume of sedimentation is rather large (5.6 and 6.4, respec- 
tively), but as the latter increases in course of time, its behavior is anomalous and 
w'ould need further investigation. Rutile in water is partly peptized, the sediment 
consisting of a brown layer. This is most likely an iron compound, and this im- 
purity may be the reason why rutile pastes show no dilatancy, though this ought to 
be expected on the ground of their behavior as to the other properties. Titanium 
dioxide, as it is used for technical purposes and consisting of anatase, gives pastes 
which are very loosely packed (cf. table 5). 
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nevertheless passively dilatant and not plastic. In several eases the 
behavior of the sedimentation volume was anomalous; it increased mark- 
edly on repeating the experiment, but this was most likely due to some 
chemical reaction. This is obvious with the oven-dried gypsum. But this 
fact does not weaken the force of the argument that a large sedimentation 
volume favors thixotropy. (In table 7 the values given for the sedimenta- 
tion volumes are the maximum values obtained.) 

(3). Pastes whi(*h were markedly plastic were invariably thixo tropic;; 
they were also not dilatant. Table 8 contains pastes of this kind, but they 
do not fit into table 5 because the .sedimentation volumes were medium or 
small. 


TABLE 7 

Sedimentation volumes in cubic centimeters of loosely packed pastes which are strongly 
thixotropic f passively dilatant ^ and not plastic 


• 

Water 

N HCl 

N NaOH 

ATNaCl 

Mica 

8 45 

8 5 

8 25 

8 0 

Gypsum (oven-dried) ... 

7 5 

6 9 



Pure CaCOs . . . . 



7 05 


Iceland spar. 

6 7 


8 4 

7 1 

Galena .... 



10 9 



The extent of the thixotropic range* for the suspensions cited in tables 
7 and 8 was hardly less than that for the pastes in table 6, except that for 
mica it was decidedly smaller. Some examples are: 


Substance 


Mica ... 

Gypsum (oven-dried) . . . 

Iceland spar 

Pyrolusite 

('^halk 


Per cent solid 
in thixotropic 
pastes 

37-43 
41-60 
50-67 
. 60-71 
48-63 


The liquid in all cases was water. 

Here again, assertions 2 and 3 may not be reversed, as already follows 
from tables 7 and 8. Many pastes were thixotropic, although they had a 
small volume of sedimentation, as appears from table 8, and further ex- 
amples are again aragonite and marble, mentioned above and in table 9; 
many pastes were also thixotropic but not plastic (table 7). 

Pa.stes of the latter kind were numerous and rather characteristic; in 
table 9 are given pastes which unite these properties. The sedimentation 
volume was medium or small, that is, between 3.4 and 6.5 cc. ; the pastes 
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showed passive dilatancy, distinct thixotropy, and no plasticity, clear 
liquid being pressed out of them. 

Of these suspensions, gypsum (air-dried sample) has a fairly wide thixo- 
tropic range in water, 46 to 67 per cent solid, but the rest showed quite a 
limited range, for instance, mosaic gold in water, 52 to 60 per cent solid, 
and aragonite in water, 60 to 67 per cent solid. 

The rule under discussion obviously simplifies matters too strongly. 
The following points have still to be considered. 


TABLE 8 

Sedimentation volumes in cubic centimeters of strongly plastic pastes which are also 

strongly thixotropic^ 


8XTB6TAKCE 


LIQUID PHASE 



Water 

JVHCl 

VNaOH 

N NaCI 

Pyrolusite 

4 (> 

4 4 

4 4 

4 0 

Barytes 

3 1 

2 8 

3 4 

3 1 

Selenite 

Chalk 

:> 5 

4 45 


3 5 

4 3 


TABLE 9 


Sedimentation volume in cubic centimeters of thixotropic pastes which have a medium 
or small volume of sedimentation^ and which are passively 
• dilatant and not plastic 




LIQUID PHASE 


SUBSTANCE 






Water 

iVHCl 

NNbOH 

ATNaCl 

Mosaic gold. ... 

6 0 

5 2 

4.8 

5 8 

Gypsum (air-dried) 

5 3 

5 9 

4 7 

4.8 

Gypsum (oven-dried) 



5.5 

6 35 

Pure CaCOa 

5 3 



5 4 

Limestone . . 

5 3 


6.4 

5.6 

Aragonite. . . 

3 65 


5 75 

3.4 

Marble 

3 4 


4 55 

4.2 


In order that the pastes should show normal dilatancy, the particles 
should be quite independent of each other; then they are able to return 
spontaneously to the state of closest packing after they have been dis- 
placed. Particles of pastes with normal dilatancy (tables 4 and 6) are 

^ Steatite must probably be added to this group. Its sedimentation volume could 
not be determined with certainty, owing to the very stiff foam which was formed 
and could not be broken. The plasticity measurements were also not well defined, 
obviously owing to the poor wettability of the powder. Pastes of selenite also gave 
only with high pressures well-defined threads when plasticity was measured 
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indeed very independent of each other. This can be seen in their behavior 
in the liquid medium under the microscope. They move about independ- 
ently, and there is no attraction between them; if they come to rest by 
collision with each other, a slight disturbance can separate them and set 
them in motion again. 

The independent nature of the particles belonging to this group of pastes 
is also shown by their velocity of sedimentation. The particles settle^ quite 
independently, according to Stokes' law: 



( p — g) 


V = velocity of fall, g = acceleration due to gravity, a = radius of parti- 
cles, p = density of particles, <t = density of liquid, and 77 = viscosity of 
liquid. If the suspension is sufficiently hornodisperse, a, and thus U, is 
constant. 



Fk; 2 Fig. 3 

Fig. 2 Sedimentation curves of porcelain, corundum, and fluorspar 
Fig, 3. Sedimentation curves of marble and aragonite 


1^0 


In figure 2 the abscissa is the time in minutes, and the ordinate the 
volume of sedimentation in cubic centimeters, which is proportional to the 
space' through which the particles have fallen. In the figure there are three 
curves for substances belonging to this group, porcelain and corundum in 
N hydrochloric acid solution and fluorspar in water. They are all straight 
lines approaching the abscissa; i.e., the tangent of the angle between the 
line and the abscissa, which is proportional to the velocity of sedimentation, 
is constant. 

But the fact that a suspension has a small volume of sedimentation, that 
is, less than 4.0 cc., is not always an absolute proof that the particles are 
fully independent of ea(*h other, and that the packing is very close. Parti- 
cles of aragonite and marble showed an anomalous behavior, in so far as 
tliey have a small volume of sediitientation in water and sodium chloride 
solution, but no normal dilatancy and a distinct thixotropy. It was found 
that their particles were not absolutely independent of each other when 
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they were observed under the microscope. They formed clusters, gener- 
ally with a large particle in the center, and smaller particles stuck round 
it. These clusters appeared fairly independent of any neighboring clus- 
ters. Their curves of sedimentation were also not so simple as in the 
first case mentioned (cf. figure 3). 

This tendency to form clusters was found with the particles of all pastes 
mentioned in tables 7 and 9. It is readily understood why these pastes 
showed passive dilatancy. The liquid in the system is probably associated 
in part with the clusters, and the rest is free; evidence for this is obtained 
from experiments with the plastometer, when in all cases with the pastes 
under consideration clear liquid was pressed out; that is, the free liquid was 
expressed, and this amounted to about 50 per cent of the original amount. 
In the passively dilataiit pastes, the clusters are buoyed up by the liquid 
associated with them to such an extent that when determining dilatancy 
the clusters do not assume a very close pa(*king, and no liquid appears 



Fig. 4. Sedimentation curves of pastes which are not dilatant but strongly thixo- 
tropic and plastic 

when the paste is left to itself. But when the vessel containing the paste is 
tapped, the solid phase is encouraged to separate from the liquid, and the 
free liquid appears on the surface. The clusters do not break up, and the 
phenomenon is reversible and may be repeated. 

In pastes which are not dilatant but strongly thixotropic and plastic 
(tables 5 and 8), the particles aggregate to a much higher degree, as is 
shown in the microscope. They form a network through the system, and 
are all stuck together; there is no separation into clusters, and no motion.^ 
With systems of this kind there are very irregular curves of sedimentation 
velocity (cf. figure 4). These are the cases in which the particles cannot 

^ This difference in behavior — coherent network of clusters and separate clusters, 
respectively — ^is also shown by * 'short” and “long” suspensions of carbon black in 
hydrocarbons (cf. R. O. Neal and G. St. Perrott, “Carbon Black, its Manufacture, 
Properties and I^ses,” Bulletin 192 of the Bureau of Mines, p. 77 et seq., Washington 
(1922)). 
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be separated by fractionation. It is obvious that this strong aggregation 
favors the enclosure of large amounts of liquid, and thus causes a large 
volume of sedimentation, and thixotropy. There is indeed no exception 
to the rule that pastes with a large volume of sedimentation are always 
strongly thixotropic. 

But the sedimentation volume need not be very large to cause a certain 
degree of thixotropy. If the sedimentation volume of the suspension is 
only a small amount greater than that of the most closely packed sediment, 
there appears a certain degree of thixotropy. Conmdum, for instance, 
was not thixotropic in N hydrochloric acid solution, and its sedimentation 
volume was 3.75 cc.; but in water it was thixotropic and had a sedimenta- 
tion volume of 4.45 cc. This small numerical increase of 0.60 cc. goes 
parallel with an increase in thixotropy. 

The following observation on the variation of behavior of quartz parti 
cles in different liquid media assists this assertion. Quartz in water was 
not thixotropic. Quartz particles in water suspension on a microscope 
slide and viewed under a microscope were quite independent; they moved 
about, and gradually came to rest, and the smaller particles kept on moving 
long after the larger ones had ceased. By gently moving the cover glass, 
the system was disturbed and broken up, and it had to settle down all over 
again. 

Quartz in N sodium hydroxide solution was thixotropic; quartz particles 
in this medium under the microscope moved about, but came to rest in a 
very much shorten time than in water, and there were no small particles 
left floating about. The system manifested attracting forces betw(»en tlie 
particles, and they seemed to cluster together. After the system had 
been disturbed by gently moving the cover glass, small particles rapidly 
made their way to the larger particles, and some could be seen to mo\'e with 
an acceleration, and attach themselves with a click. 

This small change in behavior is sufficient to produce thixotroi)y ; accord- 
ing to tables 4 and 6, the corresponding change in s(»dinientation volume 
for quartz is from 2.0 cc. in water to 8.4 cc. in N sodium hydroxide solution. 

Here is then a further point, not expressed in the rule as originally 
specified, that although a large volume of sedinn'iitation is always corre- 
lated with strong thixotropy, a large excess of liquid is not n(M*essary to 
cause the latter ))henomenon. Distinct thixotropic behavior may appear 
if the amount of liquid between the particles is not much larger thaii when 
the packing is very close. The volume of sedimentation need not be large. 
That is why a certain degree of thixotropy is so extremely fr('(|uent. 

The dilatancy of these pastes and the manner in which they Ix'have in 
the plastometer show that the liquid may be hound to the particles in a 
way varying strongly from paste to pa.ste. If tin* liquid exinU's spontane- 
ously as in strongly dilatant pastes, it is bound very loosely, or only to a 
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rather small amount of the particles. The fact that, in the experiments 
on plasticity, the liquid is pressed out of the paste more or less easily 
proves that the liquid is readily separated from the particles. If the pastes 
show passive dilatancy, the liquid is part free, and part bound on to the 
clusters, and only the free liquid is squeezed out. Here the particles have 
a marked affinity for each other, they allow clear liquid to be expressed 
(tables 7 and 9), and the residue is a hard, rather dry cake. In the case 
of the pastes mentioned in tables 4 and 6, the affinity between the particles 
is small, with the result that the particles pass out with the liquid without 
keeping up a coherent structure, and the nature of the extrusion is pasty 
drops. In the plastic pastes (tables 5 and 8), the coherence is probably 
due to a mutual affinity both between the particles themselves and between 
the particles and the liquid. 

It is a drawback in the discussion of this problem that the behavior of 
sedimentation volume is so very complex and not sufficiently known. 
Some points on this theme have been already mentioned; a further one 
should not be neglected. There is perhaps a certain tendency to assume 
that, at least in aqueous pastes, the electrical charge on the particles out- 
weighs all other influences in determining the sedimentation volume. If 
the particles repel each other because they are markedly electrically 
charged or have a high f-poteniial, they remain independent and are able 
to glide over each other until they reach the closest packing. If the parti- 
cles do not repel each other strongly, they stick to each other, that is, they 
are coagulated; in consequence they enclose large amounts of liquid, and 
this causes loose packing. The f-potential generally has a maximum in 
pure water, or in a small excess of OH^ ions, if the particles are naturally 
negatively charged, or of ions, if the particles are naturally positively 
charged; it decreases more or less strongly in solutions of neutral electro- 
lytes, or in more concentrated solutions of acids and alkalis. 

We actually frequently find a minimum of sedimentation volume in pure 
water, for instance, with the following substances, — jet, quartz, rutile, 
vanadium pentoxide, Monax glass, porcelain, pure calcium carbonate, 
limestone, Iceland spar, marble, mica, kaolin, steatite, chalk, and Solnhofen 
slate. 

But there are also marked deviations from this normal behavior. A 
maximum of sedimentation volume in pure water was found in the case 
of the following substances, — corundum, mosaic gold, gypsum, selenite, 
and pyrolusite. A smaller volume in N acid solution was found with 
diamond and fluorspar, and a smaller volume in N sodium chloride solu- 

* The following reasoning is especially due to Ehrenberg (Bodenkolloidet p. 83 
et seq., Dresden (1918)) and von Buzdgh (Kolloidchem. Beihefte 82, 114 (1930)), 
but they also take into account the influence of hydration. 



PROPERTIES OF CONCENTRATED SUSPENSIONS 


1233 


tion was found for aragonite. This behavior needs thorough investigation. 
It is known that the volume of sedimentation may vary strongly witli 
quartz in organitj liquids where the electrical charge is of small importance 
(7, 5). Probably the question of solvation can also not be neglected in the 
case of aqueous solutions. 

There appears to be no (‘orrelation between the f-potential of particles 
of different chemical nature, and their behavior concerning sedimentation 
volume, etc. For a number of particles, the f-potential was determined by 
measuring the electrophoretic velocity, using the well-known microscopic 
method.^ Particles whose volume of sedimentation was small and whose 
pastes were dilatant and not thixotropic had large values of e.g., quartz, 
— 54 millivolts; diamond, —50; corundum, —58; but also in the case of 
particles which had a large volume of sedimentation, and which formed 
strongly thixotropic and plastic pastes, large f values were obtained, e.g., 
graphite, —52 millivolts; hematite, —35. 

Most of the particles when observed under the microscope were iso- 
metric, i.e., roughly si)herical or cubical in general outline. A number of 
substances were definitely anisometric. The particles were plates in 
mosaic gold, mica, graphite, kaolin, selenite, and steatite, and were needles 
in hematite; the particles of gypsum whi(*h had been dried in the oven 
recrystallized from the water in a few minutes into long needles also. The 
special shape of these particles was also shown by other properties. As 
was mentioned above, mosaic gold, mica, graphite, and to a certain extent, 
kaolin also, changed their sedimentation volumes strongly when the parti- 
cles were oriented. In a number of dilute suspensions of mica, selenite, 
steatite, grai)hite, and mosaic gold, beautiful streaks were observed on 
stirring, a phenomenon which is known to be characteristic of suspensions 
of non-spherical particles (1). All pastes with anisometric particles were 
thixotropic. None showed normal dilatancy, but some (mosaic gold and 
mica) showed passive dilatancy, and were not plastic. 

The hardness^ ^ of the particles proved to be undoubtedly important in 
the determination of their behavior. Nearly all the substances having a 
strong tendency to be closely packed (tables 4 and 6) were hard; for ex- 
ample, diamond, 10; corundum, 9; quartz, 7; porcelain, 7; glass, 6, or were 
fairly hard, litharge, 5-5.5; and fluorspar, 4. Most of the substances 
whose pastes were loosely packed, and which, therefore, were thixotropic 
and plastic (tables 5 and 8) were soft, such as graphite 0.5-1; selenite 
1.5-2; and steatite 1; or not very hard, galena 2-3; pyrolusite 2-2.5; 

® These experiments are perhaps not quite conclusive, as dilute suspensions are 
used, whereas all the properties we are investigating are determined with very con- 
centrated suspensions. 

Hardness is given in the scale of Mohs. 
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kaolin 2-2.5; and barytes 3-3.5. An exception was hematite, which 
was fairly hard (5.5-6.5), but whose pastes were loosely packed, thixo- 
tropic, and plastic. 

A number of substances containing chiefly calcium carbonate but of 
different crystalline structure and of different degrees of purity were com- 
pared: pure calcium carbonate (hexagonal), aragonite (rhombic), lime- 
stone, Iceland spar, marble (all three hexagonal), chalk, and Solnhofen 
slate. The last two contained a certain percentage of impurities insoluble 
in hydrochloric acid, mainly of a clayey nature; they amounted to 1.23 
per cent in chalk (average of two analyses), and to 5.89 per cent in Soln- 
hofen slate (also two analyses). The fairly pure substances behaved very 
similarly; all showed passive dilatancy, distinct thixotropy, and no plas- 
ticity, pure water being extruded. The presence of clay in chalk and 
Solnhofen slate made the pastes of these two strongly thixotropic and 
plastic. The volume of sedimentation varied to a certain extent; it was 
of medium value with pure calcium carbonate, limestone, chalk, and Soln- 
hofen slate, smaller with aragonite and marble, and rather larger with Ice- 
land spar. 

Pastes of gypsum are known to be strongly rheopectic (4). This was 
confirmed. We found further, that a number of other pastes closely re- 
lated to gypsum were also rheopectic; for instance, pastes of selenite, all 
sorts of calcium carbonate (pure calcium carbonate, limestone, Iceland 
spar, marble, Solnhofen slate), and steatite. It is obvious that rheopexy 
can only be observed if the time of thixotropic solidification is sufficiently 
long, at least several minutes; rheopexy cannot be distinguished from 
thixotropy when the time of solidification is too short. In the way the 
range of thixotropy was determined, the range of rheopexy extends almost 
right up to the lower limit of thixotropy; for instance, the range of thixo- 
tropy in water for air-dried gypsum was from 46 to 67 per cent solid, and 
the range of rheopexy was from 40 to 46 per cent solid; for pure calcium 
carbonate in water, the range of thixotropy was from 54.5 to 67 per cent 
solid, and that of rheopexy from 50 to 52 per cent solid; for Solnhofen slate 
in water, the range of thixotropy was from 40 to 60 per cent solid, and that 
of rheopexy from 37.5 to 39 per cent solid. The lower limit of the thixo- 
tropic range was chosen so that the paste solidified spontaneously in a 
short time, one minute or so. Some of the more dilute pastes which fell 
into the rheopectic range also solidified spontaneously if left for a suffi- 
ciently long while, whereas in other pastes the two phases separated before 
the system solidified. 


SUMMARY 

In order to test the rule that close packing is joined to a small volume 
of sedimentation and to dilatancy, but not to thixotropy and plasticity, 
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whilst loose packing is joined to a large volume of sedimentation, to thixo- 
tropy and plasticity, but not to dilatancy,a large number of pastes, made of 
finely powdered solid substances (thirty different substances, mostly 
minerals) mixed with water or a few aqueous solutions, were investigated. 
Sedimentation volume, dilatancy, and thixotropy were determined by the 
methods generally applied: plasticity by a device similar to the one used 
in measuring flow pressure. Pastes were considered to be i)lastic if they 
were pressed out of a fine hole in coherent threads; in non-plastic pastes 
the liquid was pressed out in drops. The following results were obtained: 

1. The rule holds in a large number of cases, but there arc a number of 
exceptions in so far as thixotropy may be observed when the volume of 
sedimentation has medium values or is even rather small, and further when 
there is no marked plasticity. 

2. There appears to be a strict correlation in so far as normal dilatancy 
is observed only when the volume of sedimentation is small and as plastic 
pastes are always thixotropic. 

3. It was not sufficient to distinguish dilatant pastes from non-dilatant 
pastes. Some pastes showed the following behavior: they did not become 
distinctly harder when mechanically treated with a spatula and they did 
not let liquid exude when left to themselves. In so far they appear to be 
non-dilatant. But liquid did exude when the basin v^hich contained the 
mechanically treated paste was gently tapped. This kind of dilatancy was 
called passive dilatancy. 

4. There is a group of pastes uniting the following properties: generally 
a medium volume of sedimentation, passive dilatancy, distinct thixotropy, 
no plasticity. 

5. The degree of independence of the particles is the best criterion for 
judging the probable behavior of their pastes. Indei)endent particles 
have no tendency to unite into clusters when seen under the microscope; 
such particles alw^ays form systems according to the closely packed systems 
of our rule. If the particles are not independent, they are seen under the 
microscope to unite in clusters. These clusters may unite into (continuous 
groups. Particles which are not independent always gi\ e pastes which 
are to a certain extent thixotropic, but they need not be plastic and their 
volume of sedimentation may even be fairly small. 

6. The degree of independence makes itself felt also in the velocity of 
sedimentation. Fairly concentrated suspensions of independent particles 
of uniform size follow Stokes law for a long time of settling. If the particles 
have a tendency to cluster, a strong anomaly of the velocity of sedimenta- 
tion is shown during the process of settling. 

7. Markedly anisometric, especially plate-like, particles (mosaic gold, 
mica, graphite, etc.) always give thixotropic pastes. 

8. Particles of very hard substances (diamond, quartz, corundum, etc.) 
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are always strongly independent, and therefore give systems with closely 
packed particles. 
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